The Design and Analysis of Efficient Lossless
Data Compression Systems

Paul Glor Howard

Department of Computer Science
Brown University

Providence, Rhode Island 02912

CS-93-28
June 1993






The Design and Analysis of
Efficient Lossless

Data Compression Systems

Paul Glor Howard

Brown University
Department of Computer Science
Technical Report No. CS—-93-28

June 1993






THE DESIGN AND ANALYSIS OF EFFICIENT
LoSSLESS DAaTA COMPRESSION SYSTEMS!?

Paul Glor Howard?

Department of Computer Science
Brown University

Providence, R.1. 02912-1910

Abstract

Our thesis is that high compression efficiency for text and images can be obtained
by using sophisticated statistical compression techniques, and that greatly increased
speed can be achieved at only a small cost in compression efficiency. Our emphasis is
on elegant design and mathematical as well as empirical analysis.

We analyze arithmetic coding as it is commonly implemented and show rigorously
that almost no compression is lost in the implementation. We show that high-efficiency
lossless compression of both text and grayscale images can be obtained by using appro-
priate models in conjunction with arithmetic coding. We introduce a four-component
paradigm for lossless image compression and present two methods that give state of the
art compression efficiency. In the text compression area, we give a small improvement
on the preferred method in the literature.

We show that we can often obtain significantly improved throughput at the cost
of slightly reduced compression. The extra speed comes from simplified coding and
modeling. Coding is simplified by using prefix codes when arithmetic coding is not
necessary, and by using a new practical version of arithmetic coding, called quasi-
arithmetic coding, when the precision of arithmetic coding is needed. We simplify image
modeling by using small prediction contexts and making plausible assumptions about
the distributions of pixel intensity values. For text modeling we use self-organizing-list
heuristics and low-precision statistics.

Index terms: Data compression, analysis of algorithms, arithmetic coding, lossless
image compression, text compression, adaptive modeling.
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that I first heard of data compression, in particular the remarkable notion of Huffman
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days after I handed my dissertation in to the Graduate School, our second daughter,
Melinda Rose, was born!
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PREFACE

This thesis deals with statistical data compression. Since good statistical data com-
pression methods must attend both to the coding process itself (turning events into
bits and back again) and to data modeling (deciding which events are possible and how
likely each one is in a given situation), I address both the coding and the modeling
components of statistical compression, considering both text compression and lossless
image compression. My approach is to show by rigorous proof and by experiment that
particular coding and modeling methods give optimal (or at least good) compression,
and then to show in a similar fashion that sacrificing a small amount of compression
allows much faster processing. Chapter 2 addresses coding issues using this approach,
and Chapters 3 and 4 apply the same approach to image and text modeling respectively.
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CoARD
INTRODUCTION TO DATA COMPRESSION

DATA CAN BE COMPRESSED whenever some patterns of data symbols are more
likely to occur than others. Shannon [67] showed that for the best possible compression
code (in the sense of minimum average code length), the output length contains a
contribution of —log, p bits from the encoding of each symbol whose probability of
occurrence is p. It is possible to use various statistical coding techniques to encode
any file using close-to-optimal code length, given a particular model of the data. It is
desirable to use a good model of the source of the data so that the statistical coder
can work with accurate probabilities. The separation of the compression process into
coding and modeling is due to Rissanen and Langdon [59].

In this chapter we give a brief overview of both modeling and coding. We introduce
arithmetic codes and distinguish them from prefix codes; we describe and mathemat-
ically analyze arithmetic codes in more detail in Chapter 2, where we also present
quasi-arithmetic coding, our practical implementation of arithmetic coding. We then
introduce the modeling problem for both grayscale images and text files; practical
modeling methods are presented in Chapter 3 (images) and Chapter 4 (text). We
summarize the contributions of this thesis in Chapter 5.

1.1 Statistical coding

The fundamental problem of lossless compression is to decompose a data set (for ex-
ample, a text file or a grayscale image) into a sequence of events, then to encode the
events using as few bits as possible. Prefiz codes assign a single codeword to each pos-
sible event at each point in the coding process. The idea is to assign short codewords
to more probable events and longer codewords to less probable events.

Arithmetic codes, in theory at least, assign one “codeword” to each possible data
set. The codewords consist of half-open subintervals of the half-open unit interval [0, 1),
and are expressed by specifying enough bits to distinguish the final subinterval from
all other possible final subintervals. As with prefix codes, shorter codes correspond
to more probable input data sets. In practice, the subinterval is refined incrementally
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using the probabilities of the individual events, with bits being output as soon as they
are known. Arithmetic codes almost always give better compression than prefix codes,
but they lack the direct correspondence between the events in the input data set and
bits or groups of bits in the coded output file.

Shannon [67] showed that for a given set of probabilities P = {py,...,p,}, the
optimal expected number of code bits is

> —pilog, pi,

=1

a quantity which he called the entropy of P, usually denoted by H(P). The goal of
statistical coding procedures is to assign codewords so that —log, p bits are output for
an event with probability p; if we can do that, we have an optimal code.

1.2 Modeling

A statistical coder must work in conjunction with a modeler that estimates the proba-
bility of each possible event at each point in the coding. The model need not describe
the process that generates the data; it merely has to deterministically provide proba-
bility information. The probabilities do not even have to be particularly accurate, but
the more accurate they are, the better the compression will be. If the probabilities
are wildly inaccurate, the file may even be expanded rather than compressed, but the
original data can still be recovered.

Arithmetic coding allows us to compress a file as well as possible for a given model
of the data. To obtain maximum compression of a file, we need both a good model
and an efficient way of representing (or learning) the model. (This is related to Rissa-
nen’s mintmum description length principle; he has investigated it thoroughly from a
theoretical point of view [56,57,58].)

Most models for text compression involve estimating the probability p of a given

symbol by
weight of symbol

P~ fotal weight of all symbols’

which we can then encode in —log, p bits using exact arithmetic coding. The weight
of a symbol is usually based on the number of occurrences of the symbol, either in the
entire file or in a particular context.

To ensure decodability, the encoder is limited to the use of model information that is
available to the decoder. There are no other restrictions on the model; in particular, it
can change as the file is being encoded. In Chapter 4 we describe several typical models
for context-independent text compression. The models can be adaptive (dynamically
estimating the probability of each symbol based on all symbols that precede it), semi-
adaptive (using a preliminary pass of the input file to gather statistics), or non-adaptive
(using fixed probabilities for all files). Non-adaptive models are not very interesting,
since their effectiveness depends only on how well their probabilities happen to match
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the statistics of the file being encoded; Bell, Cleary, and Witten show that the match
can be arbitrarily bad [4]. In Section 4.1.2 we prove that one simple adaptive model
gives exactly the same code length as a corresponding semi-adaptive decrementing
model.

For both image and text compression, it is possible to use simple models, based
solely on global event counts. To get good compression, however, we need models that
take into account the structure of the data. For images, as we shall see in Chapter 3,
this usually means using the numeric intensity values of nearly pixels to predict the
intensity of each new pixel and using a suitable probability distribution to allow for
noise and variation between regions within the image. For text, the previous letters
form a context, in the manner of a Markov process, as we explain in Chapter 4.

1.3 Thesis

Our thesis is that high compression efficiency for text and images can be obtained
by using sophisticated statistical compression techniques, and that greatly increased
speed can be achieved at only a small cost in compression efficiency. Our emphasis is
on elegant design and mathematical as well as empirical analysis.

We analyze arithmetic coding as it is commonly implemented and show rigorously
that almost no compression is lost in the implementation. We show that high-efficiency
lossless compression of both text and grayscale images can be obtained by using appro-
priate models in conjunction with arithmetic coding. We introduce a four-component
paradigm for lossless image compression and present two methods that give state of the
art compression efficiency. In the text compression area, we give a small improvement
on the preferred method in the literature.

We show that we can often obtain significantly improved throughput at the cost
of slightly reduced compression. The extra speed comes from simplified coding and
modeling. Coding is simplified by using prefix codes when arithmetic coding is not
necessary, and by using a new practical version of arithmetic coding, called quasi-
arithmetic coding, when the precision of arithmetic coding is needed. We simplify image
modeling, by using small prediction contexts and making plausible assumptions about
the distributions of pixel intensity values. For text modeling we use self-organizing-list
heuristics and low-precision statistics.

1.4 Conventions

We collect here most of the notation used in the remainder of this thesis. We also
introduce a new measure of compression efficiency, called compression gain, useful for
comparing compression methods and for discussing the effects of varying the details of
a single technique.
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1.4.1 Notation

We use the following notation throughout this thesis:

= length of the uncompressed file, in bytes;
= length of the compressed file, in bytes;

t

[

L = length of the compressed file, in bits;

n = number of symbols in the input alphabet;
k

number of different alphabet symbols that occur in the file;
a; = the ith symbol in the alphabet;
¢; = number of occurrences of symbol «; in the file;
pi = ¢/t (the probability of symbol a; in the file);
H(X) = ZZ —x;log, x;  (the entropy implied by distribution X);

AP = A(A+1)---(A+ B—1) (the rising factorial function).

In this thesis, results for a “typical” text file refer to a 100,000 byte uncompressed
file that contains 100 different alphabet symbols out of a 256-symbol alphabet, i.e.,
t = 100,000, n = 256, and k£ = 100. We assume 8-bit bytes, and express code lengths
in either bits or bytes depending on the context. In examples we generally show input
symbols in italic type (a, b, ¢, 0, 1) or sans serif type (EOF, FOUND, NOT-FOUND,
MPS, LPS, IGNORE), and we show output bits in bold face type (0, 1, f, follow).

1.4.2 Compression gain

There is no single accepted method for reporting and comparing compression results.
Several measures are used in the literature (see Table 1.1). All of the existing measures
have two major theoretical shortcomings. First, they all express compression relative
to the original file length. In practical applications this can be useful, but any such
measure fails to discriminate between the effectiveness of the compression method and
the inherent compressibility of the files. Second, none of the measures are cumulative:
we cannot simply add together modeling and coding effects, or the effects of multiple
cascaded compressors.

In [26] we introduce a new measure, which we call compression gain, that is additive
and that can be used to measure compression with respect to any standard. In [29]
we give an improved formulation that uses a more convenient scale; we define the
compression gain by

reference size

(1.1)

compression gain = 100log, —,
compressed size

where the reference size and compressed size are expressed in the same units, usually
either total bytes in the file or average bits per pixel. Compression gain is expressed in
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Measure Formula Example
Bits per input symbol (also called L . .
bit rate or average code length) N 2.92 bits per pixel
t
Compression ratio 7 2.74: 1
)
Relative compressed size ; 0.36 or 36%
. . t—1
Relative compression — 0.64 or 64%
Compression gain, relative to t o
original file 100 log, 1 100.95
Compression gain, relative to tHy °
zero-order entropy 100 log, I 49.55
Compression gain, relative to lipEG °
JPEG lossless mode 100log, ! 6.15

Table 1.1: Measures of compression efficiency. Our new measure, compression gain, is
illustrated on the last three lines. The original file is ¢ bytes long, the compressed file
is [ bytes (L bits) long, and the zero-order entropy of the original file is Hy bits per
input symbol. The examples in the rightmost column are based on using the PPPM
method on Band 3 of the Donaldsonville Landsat Thematic Mapper data set, a typical
image described in Section 3.6. The image consists of ¢ = 262,144 8-bit pixels, and
the compressed file is [ = 95,587 bytes long. This image has a zero-order entropy
of Hy = 4.784 bits per pixel (156,776 total bytes). The lossless mode of the JPEG
standard, using two-point prediction, compresses the image to [jppg = 101,614 bytes.
Note that the compression gain of JPEG lossless mode relative to the original file
(1001og,.(262,144/101,614) = 94.8%) can be obtained by simply subtracting the gain of
PPPM relative to JPEG from the gain of PPPM relative to the original file.

percent log ratio, denoted by the 3 sign. Since log, (14 ) & « for small x, a difference of
any given small percent log ratio means almost the same thing as the same difference
expressed as an ordinary percentage; since log(A/B) = —log(B/A) we can express
the difference in either direction with no change in its absolute value. For example,
if method A compresses a file to 99 bytes and method B compresses the same file to
101 bytes, we say that method A outcompresses method B by log,(101/99) ~ 2.000073
or equivalently that method B is 2.000075 worse than method A. Using ordinary
percentages we could say that method A is 2/101 ~ 1.980198% better than method B,
but we would have to say that method B is 2/99 ~ 2.020202% worse than method A.

For the reference size we may choose the size of the original file, the size of the
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compressed file produced by some standard lossless compression method, or the zero-
order entropy of the file (that is, the entropy calculated from the occurrence counts of
the alphabet symbols within the file). In the remainder of this thesis we express gains
with respect to standard lossless methods: the lossless mode of the JPEG standard for
images and the PPMC method for text files.

The logarithm in Formula 1.1 gives us additivity, so we can simply subtract com-
pression gains to compare any two compression methods. The gain/loss terminology
is natural: larger numbers mean better compression. In addition, coding effects, often
expressed as percentages of code length, can now be given as losses that can simply
be subtracted from the compression gain of the modeling method. In this form we
can clearly separate coding and modeling, and we can see how tiny the coding effects
usually are.



)

CoARD
STATISTICAL CODING

T;IERE IS A SPECTRUM of statistical coding techniques. At one end of the spectrum,
we have (pure) arithmetic coding, which can handle the probabilities produced by
any model and produce an exactly optimal code; the cost of this flexibility is slow
speed because of the exact arithmetic required. At the other end of the spectrum are
Rice codes. They are extremely fast and straightforward to implement in software or
hardware, but their compression performance is limited because they assume that the
model has a probability distribution of a particular form. Rice codes are a special case
of Golomb codes, which in turn are a special case of the widely-known Huffman codes.
Our own quasi-arithmetic codes occupy an interesting place on the spectrum. Originally
designed as a practical implementation of arithmetic coding, they can also be thought of
as an extension of Huffman codes, adding a small amount of state information. Quasi-
arithmetic codes bridge the gap between the slow, precise arithmetic codes, whose main
feature is the use of essentially continuous probability information, and the much faster
but less flexible prefix codes, which use discretized probability information.

In theory, arithmetic coding gives optimal compression: if we have a model that
provides correct probabilities of the events comprising the input data, an arithmetic
coder uses on average the minimum number of bytes to encode the data. In Section 2.1
we describe the arithmetic coding process in detail, and show how we can obtain op-
timal compression. However, to achieve optimal compression, we must use exact real
arithmetic (or at least exact rational arithmetic if the probabilities are rational). Prac-
tical versions of arithmetic coding use fixed point approximations to exact arithmetic,
and obtain very nearly optimal compression. Here we show rigorously just how close to
optimal our compression must be; we defer analysis of modeling effects to Chapter 4.

Arithmetic coding as it 1s usually implemented is slow because of the multiplications
required. In Section 2.2 we present a new method for approximate arithmetic coding
called quasi-arithmetic coding. The idea is to use low enough precision that we can do
all the arithmetic ahead of time, and store the results in lookup tables. We show how
to construct the tables, and we also prove bounds on the loss of compression efficiency.

In an instantaneous code, the decoder knows immediately when a complete symbol
has been received, and does not have to look further to correctly identify the symbol.
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Old interval [ ‘
0O L H 1
Decomposition [ probability of a, ‘
0 Pl
New interval [ ‘
0 L’ H’ 1

Figure 2.1: Subdivision of the current interval in arithmetic coding based on the prob-
ability of the input symbol a; that occurs next.

Instantaneous codes are just those with the prefix property: no code word is a prefix of
another code word [25, pages 53-55]. Coding is simple for an instantaneous code — the
code bits for all events are disjoint and independent. In Section 2.3 we discuss three
methods of coding that produce instantaneous codes, namely Huffman coding, Golomb
coding, and Rice coding. We also present a fast new method for estimating the coding
parameter in Golomb and Rice codes, and prove its effectiveness. Golomb and Rice
codes are used in Chapters 3 and 4 in designing fast coders for both images and text.

In Section 2.4 we show that in some cases, particularly when compressing images,
we can perform both encoding and decoding in parallel if many processors are available.
Parallel compression and decompression is possible both with prefix codes and with
quasi-arithmetic codes.

2.1 Arithmetic coding

In this section we explain how arithmetic coding works and give implementation details;
our treatment is based on that of Witten, Neal, and Cleary [77]. We point out the
usefulness of binary arithmetic coding, that is, coding with a two-symbol alphabet.
Our focus is on encoding, but the decoding process is similar.

2.1.1 Basic algorithm for arithmetic coding

The algorithm for encoding a file using arithmetic coding works conceptually as follows:
1. We begin with a “current interval” [L, H) initialized to [0, 1).
2. For each symbol of the file, we perform two steps (see Figure 2.1):

(a) We subdivide the current interval into subintervals, one for each possible
alphabet symbol. The size of a symbol’s subinterval is proportional to the
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estimated probability that the symbol will be the next symbol in the file,
according to the model of the input.

(b) We select the subinterval corresponding to the symbol that actually occurs
next in the file, and make it the new current interval.

3. We output enough bits to distinguish the final current interval from all other
possible final intervals.

The length of the final subinterval is clearly equal to the product of the probabilities of
the individual symbols, which is the probability p of the particular sequence of symbols
in the file. The final step uses almost exactly — log, p bits to distinguish the file from
all other possible files. We need some mechanism to indicate the end of the file, either
a special end-of-file symbol coded just once, or some external indication of the file’s
length.

In step 2, we need to compute only the subinterval corresponding to the symbol «a;
that actually occurs. To do this we need two cumulative probabilities, Po = 3074 py
(the “cumulative” probability) and Py = S4_, px (the “next cumulative” probability).
The new subinterval is [L. + Po(H — L), L + Py(H — L)). The need to maintain and
supply cumulative probabilities requires the model to have a complicated data struc-
ture; Moffat [44] investigates this problem, and concludes for a multi-symbol alphabet
that binary search trees are about twice as fast as move-to-front lists.

FExample 1: We illustrate a non-adaptive code, encoding the file containing the symbols

bbb using arbitrary fixed probability estimates p, = 0.4, p, = 0.5, and pgor = 0.1.
Encoding proceeds as follows:

Current Action Subintervals Input

Interval a b EOF
[0.0000,1.0000) | Subdivide [0.0000,0.4000) [0.4000,0.9000) [0.9000,1.0000) b
[0.4000,0.9000) | Subdivide [0.4000,0.6000) [0.6000,0.8500) [0.8500,0.9000) b
[0.6000,0.8500) | Subdivide [0.6000,0.7000) [0.7000,0.8250) [0.8250,0.8500) b
[0.7000,0.8250) | Subdivide [0.7000,0.7500) [0.7500,0.8125) [0.8125,0.8250) EOF
[0.8125,0.8250)

The final interval is [0.8125,0.8250), which in binary is approximately
[0.11010 00000, 0.11010 01100). We can uniquely identify this interval by outputting
11010 00. According to the fixed model, the probability p of this particular file is
(0.5)%(0.1) = 0.0125 (exactly the size of the final interval) and the code length (in bits)
should be —log, p ~ 6.322. In practice we have to output 7 bits. O

2.1.2 Implementation details

The basic implementation of arithmetic coding described above has two major difficul-
ties: the shrinking current interval requires the use of high precision arithmetic, and no
output is produced until the entire file has been read. The most straightforward solu-
tion to both of these problems is to output each leading bit as soon as it is known, and
then to double the length of the current interval so that it reflects only the unknown
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@

(b)

(©

(d)

0 Yy 1

Figure 2.2: Interval expansion process in arithmetic coding. (a) No expansion. (b)
Interval in [0,%5). (c) Interval in [z, 1). (d) Interval in [Y4, %) (follow-on case).

part of the final interval. Witten, Neal, and Cleary [77] add a clever mechanism for
preventing the current interval from shrinking too much when the endpoints are close
to !/, but straddle '/,. In that case we do not yet know the next output bit, but we
do know that whatever it is, the following bit will have the opposite value; we merely
keep track of that fact, and expand the current interval symmetrically about '/,. This
follow-on procedure may be repeated any number of times, so the current interval size
is always longer than /.

Mechanisms for incremental transmission and fixed precision arithmetic have been
developed through the years by Pasco [49], Rissanen [60], Rubin [65], Rissanen and
Langdon [61], Guazzo [23], and Witten, Neal, and Cleary [77]. The bit-stuffing idea of
Langdon and others at IBM that limits the propagation of carries in the additions is
roughly equivalent to the follow-on procedure described above.

We now describe in detail how the coding and interval expansion work. This process
takes place immediately after the selection of the subinterval corresponding to an input
symbol.  We repeat the following steps (illustrated schematically in Figure 2.2) as
many times as possible:

a. If the new subinterval is not entirely within one of the intervals [0, '), [V, %),
or [Ys,1), we stop iterating and return.

b. If the new subinterval lies entirely within [0, '/2), we output 0 and any following 1s
left over from previous symbols; then we double the size of the interval [0, '),
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expanding toward the right.

c. If the new subinterval lies entirely within ['/, 1), we output 1 and any following Os
left over from previous symbols; then we double the size of the interval [Y;, 1),
expanding toward the left.

d. If the new subinterval lies entirely within [Y4,%,), we keep track of this fact for
future output by incrementing the follow count; then we double the size of the
interval [Y4,7%y), expanding in both directions away from the midpoint.

FExample 2: We show the details of encoding the same file as in Example 1.

Current Subintervals

Interval Action a b EOF Input
[0.00,1.00) | Subdivide [0.00,0.40) [0.40,0.90) [0.90,1.00) b
[0.40,0.90) | Subdivide [0.40,0.60) [0.60,0.85) [0.85,0.90) b

[0.60,0.85) | Output 1
Expand [, 1)
[0.20,0.70) | Subdivide [0.20,0.40) [0.40,0.65) [0.65,0.70) | b
[0.40,0.65) | follow
Expand [V, %)
[0.30,0.80) | Subdivide 0.30,0.50) [0.50,0.75) [0.75,0.80) | EOF
[0.75,0.80) | Output 10
Expand [Y;,1)
[0.50,0.60) | Output 1
Expand [Y;,1)
[0.00,0.20) | Output O
Expand [0, ;)
[0.00,0.40) | Output O
Expand [0, ;)
[0.00,0.80) | Output O

The “follow” output in the sixth line indicates application of the follow-on procedure:
we keep track of our knowledge that the next output bit will be followed by its opposite;
this “opposite” bit is the 0 output in the ninth line. The encoded file is 11010 00, as
before. The final 0 eliminates the subinterval [0.800, 1.000) from consideration. O

Clearly the current interval contains some information about the preceding inputs;
this information has not yet been output, so we can think of it as the coder’s state. If a
is the length of the current interval, the state holds —log, a bits not yet output. In the
basic method (illustrated by Example 1) the state contains all the information about
the output, since nothing is output until the end. In the implementation illustrated by
Example 2, the state always contains fewer than two bits of output information, since
the length of the current interval is always more than !/;. The final state in Example 2
is [0,0.8), which contains —log, 0.8 ~ 0.322 bits of information; the final output bit
transmits this information.
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2.1.3 Use of integer arithmetic

In practice, the arithmetic can be done by storing the current interval in sufficiently
long integers rather than in floating point or exact rational numbers. (We can think of
Example 2 as using the integer interval [0, 100) by omitting all the decimal points.) We
also use integers for the frequency counts used to estimate symbol probabilities. The
subdivision process involves selecting non-overlapping intervals (of length at least 1)
with lengths approximately proportional to the counts. To encode symbol a; we need
two cumulative counts, C' = Yi ¢, and N = i _, ¢4, and the sum 7' of all counts,
T =3%_, ¢k. The new subinterval is [L + L@J, L+ LWJ ). (In this discussion
we continue to use half-open intervals as in the real arithmetic case. In implementa-
tions [77] it is more convenient to subtract 1 from the right endpoints and use closed

intervals.)

FExample 3: Suppose that at a certain point in the encoding we have symbol counts
ce =4, ¢ =5, and cgor = 1 and current interval [25,89) from the full interval [0, 128).
Let the next input symbol be b. The total count T"is 10, and the cumulative counts for

bare C =4 and N = 9. The new interval is [25+ Lﬂ%ﬂ, 25+ L%%ZJ) =[50, 82);
we then increment the follow-on count and expand the interval once about the midpoint

64, giving [36,100). No further expansion or output is possible. a

2.1.4 Analysis of coding effects

In this section we prove analytically that the coding effects of arithmetic coding (as
distinguished from modeling effects) are insignificant; hence for all practical purposes
arithmetic coding realizes the minimum code length permitted by the model. Empirical
evidence that the coding effects are negligible appears in [4,77].

Periodic scaling

The symbol counts used to compute the probability information used by an arithmetic
coder can become so large that time-consuming extended precision arithmetic becomes
necessary; even worse, the counts may overflow the registers used to store them. To
avoid the problem of large counts, Witten, Neal, and Cleary periodically scale the
symbol counts by halving all of them when their sum reaches a threshold 2B; this
effectively divides the file into blocks of length B. The relative proportions of the
counts remain the same, so the implied probabilities are the same.

Since the counts are maintained as integers, it is necessary to round their values
during the scaling process. To prevent any count from falling to 0, fractional counts
are rounded to the next higher integer. This gives slightly more weight to symbols
whose count happens to be odd when scaling occurs. (There are other methods of
preventing counts from becoming 0. We can truncate all fractional counts except those
that result in a scaled count of 0. If we are maintaining only cumulative symbol counts
we can truncate fractional counts, then add the index of each symbol to its cumulative
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count; this is useful in a hardware-based solution. Moffat [45] rounds fractional counts
upwards, but retains more precision by using fixed-point counts with a few fractional
bits; this allows counts to become almost 0. With three fractional bits, the counts can
become as small as s.)

The scaling process introduces a modeling effect. Less recent events are effectively
given a lower weight, so the most recently encountered part of the file has more influence
on the model statistics. Since many files exhibit locality of reference, this recency
effect often improves compression. We fully analyze the modeling effect of scaling in
Section 4.2.1.

Rounding counts to integers

Here we analyze the coding effect of periodic scaling. The rounding mechanism used
by Witten, Neal, and Cleary leads to slightly inaccurate probabilities, which in turn
can increase the code length. We bound the amount of the increase in the following
theorem.

Theorem 1 Rounding counts up to the next higher integer increases the code length
for the file by no more than n/2B bits per inpul symbol.

Proof: Each symbol whose weight is rounded up causes the denominators of all prob-
abilities in the next block to be too large, by '/,. If r is the number of symbols subject
to roundup, r/2 of the denominators in computing the coding interval will be approx-
imately 7" instead of 1'/2, each adding one bit to the code length of the block, so the
block’s code length will be r/2 bits longer. The effect for the entire file (¢/ B blocks) is
rt /2B bits, or, since r < n, at most n/2B bits per input symbol. a

This effect is typically 0.02 bit or less per input symbol.

Using integer arithmetic

Witten, Neal, and Cleary use integers from a large fixed range, typically [0, 8B], instead
of using exact rational arithmetic, and they transmit encoded bits as soon as they know
them instead of waiting until the entire string has been encoded. Once a bit is known,
half of the range is known not to be relevant, so we can expand the other half to fill
the entire range. The result is nearly the same compression efficiency as with exact
rational arithmetic.

As is apparent from the following description of the coding section of the Witten-
Neal-Cleary algorithm, expanding the range is only approximate:

1. We select a subrange of the current interval [L, H) whose length within [L, H) is
at least 1 and approximately proportional to p.

2. We repeat the following steps as many times as possible:
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(a) If the new subrange is not entirely in the lower, middle, or upper half of the
full range of values, we return.

(b) If the new subrange is in the lower or upper half, we output 0 or 1 respec-
tively, plus any follow bits left over from previous symbols. If the subrange
is entirely in the middle half, we add 1 to the follow-on count to keep track
of this fact for future output.

(c) We expand the subrange:

1. We shift the subrange to ignore the part of the full range in which the
subrange is known not to lie.

1. We double both L and H.

In this algorithm, any roundoff error in selecting the first subrange will propagate
through the entire interval expansion process. In the worst case, a symbol with a count
of 1 could result in a subrange of length 1, even though the unrounded subrange size
might be just below 2. In effect, this would assign a symbol probability of only half
the correct value, resulting in a code length one bit too long. In practice, however, the
code length error in one symbol is seldom anywhere near that large, and because the
errors can be of either sign and have an approximately symmetrical distribution with
mean 0, the average error is usually very small. Witten, Neal, and Cleary empirically
estimate it at 10™* bit per input symbol.

In order to get a rigorous bound on the compression loss, we analyze a new algorithm
that maintains full precision when expanding the range. At each step in the expansion
process, we adjust the range by adding either 0 or 1 to L and independently adding
either 0 or 1 to H according to the exact result of the initial subrange selection. To
prevent the overlap of subranges from different alphabet symbols, we add 1 to L and
subtract 1 from H when no more expansion is possible. This last step always makes
the code length longer than that of exact arithmetic coding, but by a tiny amount, as
shown in the following theorem:

Theorem 2 When we use the high precision algorithm for expanding the subrange,
the average code length is greater than the optimal average code length by an amount
bounded by 2/(B1n2) bits per input symbol.

Proof: After the expansion process, the subinterval size is at least 2B8. As a result of
rounding while expanding, low could be too high by as much as 1, and high could be too
low by as much as 1, so the subinterval could be too short by as much as 2. (It could
also be too long by as much as 2.) The final overlap-prevention step always shortens
the subinterval by 2, so the subinterval is always too short, possibly by as much as 4.
An interval too short by 4 could be too short by a factor of as much as (2B —4)/2B,
which corresponds to a code length increase of —log,((B —2)/B) ~ 2/(B1n?2). O

A loss of 2/(B1n 2) bits per input symbol is negligible, about 4 x 10™* bit per symbol
for typical parameters. In practice the high precision algorithm gives exactly the same
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compression as the algorithm of Witten, Neal, and Cleary, but its compression loss is
provably small. The high precision algorithm is only of theoretical interest; in practice
it complicates the program without improving compression.

Encoding end-of-file

The end of the file must be explicitly indicated when we use arithmetic coding. The
extra code length required is typically very small and is often ignored; for completeness,
we provide a brief analysis of the end-of-file effect.

Witten, Neal, and Cleary introduce a special low-weight symbol in addition to the
normal alphabet symbols; it is encoded once, at the end of the file. In the following
theorem we bound the cost of identifying end-of-file by this method:

Theorem 3 The use of a special end-of-file symbol results in additional code length of
less than t/(B1In2) 4 log, B + 10 bits.

Proof: The cost has four components:

e at most log, B+1 bits to encode the end-of-file symbol (since its probability must
be at least as large as the smallest possible probability, 1/2B)

e fewer than ¢/(B1n2) bits in wasted code space to allow end-of-file at any point
(each probability can be reduced by a factor of between (2B —1)/2B and (B —
1)/ B, resulting in a loss of between —log,((2B — 1)/2B) ~ 1/(2BIn2) and
—log,((B—1)/B) ~ 1/(BIn2) bits per symbol)

o two disambiguating bits after the end-of-file symbol

e up to seven bits to fill the last byte.
O

An alternative, transmitting the length of the original file before its encoding, re-
duces the cost to between log, ¢ and 2log,t bits by using an appropriate encoding of
integers [13,69,75], but requires the file length to be known before encoding can begin.

The end-of-file cost using either of these methods is negligible for a typical file, less
than 0.01 bit per input symbol.

2.1.5 Binary arithmetic coding

The preceding discussion has focused on coding with a multi-symbol alphabet, although
in principle it applies to a binary alphabet as well. It is useful to distinguish the two
cases since both the coder and the interface to the model are simpler for a binary alpha-
bet. The coding of bilevel images, an important problem with a natural two-symbol
alphabet, often produces probabilities close to 1, suggesting the use of arithmetic cod-
ing to obtain good compression. Historically, much of the arithmetic coding research
by Rissanen, Langdon, and others at IBM has focused on bilevel images [39]. The



16 CHAPTER 2. STATISTICAL CODING

Q-Coder [1,37,41,50,51,52] is a binary arithmetic coder; work by Rissanen and Mohi-
uddin [62,63], Chevion et al. [6] , and Feygin et al. [16] extends some of the -Coder
ideas to multi-symbol alphabets. The quasi-arithmetic coder discussed in Section 2.2 is
formulated as a binary coder, though in Section 2.2.6 we show that it can be extended
to a multi-symbol alphabet.

In most text and image compression applications, a multi-symbol alphabet is more
natural, but even then we can map the possible symbols to the leaves of a binary tree,
and encode an event by traversing the tree and encoding a decision at each internal
node. (As an important special case, we can even use a list.) When we use a binary
tree, the model no longer has to maintain and produce cumulative probabilities; a single
probability at each node suffices to encode each decision. Calculating the new current
interval is also simplified, since just one endpoint changes after each decision. On the
other hand, we now usually have to encode more than one event for each input symbol,
and we have a new data structure problem, maintaining the coding trees efficiently
without using excessive space. The smallest average number of events coded per input
symbol occurs when the tree is a Huffman tree, since such trees have minimum average
weighted path length; however, maintaining such trees dynamically is complicated [10,

36,73,74].

2.2 Quasi-arithmetic coding

The primary disadvantage of arithmetic coding is its slowness. Since small errors in
probability estimates cause very small increases in code length, we expect that by
introducing approximations into the arithmetic coding process in a controlled way we
can improve coding speed without significantly degrading compression performance.
In the Q-Coder work at IBM, the time-consuming multiplications are replaced by
additions and shifts, and low-order bits are ignored.

In [27] we describe a different approach to approximate arithmetic coding. Recalling
that the fractional bits characteristic of arithmetic coding are stored as state informa-
tion in the coder, we reduce the number of possible states, and replace arithmetic
operations by table lookups. Here we present this reduced precision binary arithmetic
coder, which we call a quasi-arithmetic coder, and develop it through a series of ex-
amples. It should be noted that the compression is still completely reversible; using
reduced precision merely affects the average code length.

2.2.1 Development of binary quasi-arithmetic coding

The number of possible states (after applying the interval expansion procedure) of
an arithmetic coder using the integer interval [0, ) is 3N?/16. If we can reduce the
number of states to a more manageable level, we can precompute all state transitions
and outputs and substitute table lookups for arithmetic in the coder. The obvious way
to reduce the number of states is to reduce N. The value of N should be a power of 2;
its value must be at least 4.
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Example 4: The simplest non-trivial coders have N = 4, and have only three states.
By applying the arithmetic coding algorithm in a straightforward way, we obtain the
following coding table. A “follow” output indicates application of the follow-on pro-
cedure described in Section 2.1.2.

0 input 1 input

State Prob{0} Output Next state | Output Next state
0,4) 0<p<l-—a 00 [0,4) = [1,4)
1—Oé§p§0é 0 [074) 1 [7)
a<p<l = [0, 3) 11 [0,4)
0,3)  0<p< 00 [0,4) follow [0,4)
h<p<l 0 [0,4) 10 [0,4)
1,4) O0<p<Y 01 [0, 4) 1 [0, 4)
o <p<1l | follow [0,4) 11 [0,4)

The value of the cutoff probability « in state [0,4) depends on assumptions about the
input data and the goal of the coder. Under reasonable assumptions it can be shown
using the method of Section 2.2.5 to be 1/log, 3 ~ 0.631. The amount of excess code
length is not very sensitive to the value of «; any value from about 0.55 to 0.73 gives
less than 13 coding inefficiency. O

Half-integer subdivisions

Additional transitions are available when subdivision points fall at half-integer values if
both resulting subintervals can be expanded. This happens for half-integer subdivision
points in the second quarter of the full range when the high end of the current subrange
is in the third quarter, and for half-integer subdivision points in the third quarter of
the full range when the low end of the current subrange is in the second quarter.

FExample 5: If we are currently in state [0, 3) of a coder with N = 4, and the inputs are
equally likely, we can subdivide the interval into [0,%4) for a 0 input and [*s,3) for a
Iinput. In the first case we output 0 and expand to [0, 3); in the second we keep track
of a follow bit and expand to [1,4). Similarly, we can subdivide state [1,4) at %;. We
can thus expand the coding table in Example 4 to obtain the following table.
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0 input 1 input

State Prob{0} Output Next state | Output Next state
0,4) 0<p<l-—a 00 [0,4) = [1,4)
l—a<p<a 0 [ ) ) 1 [ ) )
a<p<l = [0, 3) 11 [0,4)
0,3) O0<p<l1l-—p 00 [0,4) follow [0,4)
1-8<p<p 0 [0, 3) follow [1,4)
f<p<l 0 [0,4) 10 [0,4)
1,4) 0<p<l—p 01 [0,4) 1 [0,4)
1—-3<p< g | follow [0, 3) 1 [1,4)
g<p<l1 follow [0,4) 11 [0,4)

Again we must choose the cutoff probabilities o and 3. We should use the same
value of « as in Example 4; using the method of Section 2.2.5 we find that g =
log,(3/2) ~ 0.585. O

The use of half-integer subdivisions improves the theoretical compression efficiency
of quasi-arithmetic coding. In small coders like the N = 4 coder of Examples 4 and 5,
the improvement can be noticeable; such coders may be practical when hard coded.
Otherwise, the improvement is small and the construction of the coder becomes less
regular and more complex, so we shall ignore this refinement for the remainder of this
discussion.

Reassignment of input symbols

Arithmetic coding does not mandate any particular assignment of subintervals to input
symbols; all that is required is that subinterval lengths be approximately proportional
to symbol probabilities and that the decoder make the same assignment as the en-
coder. In Example 4 we uniformly assigned the left subinterval to input symbol 0. By
preventing the longer subinterval from straddling the midpoint whenever possible, we
can sometimes obtain a simpler coder that never requires the follow-on procedure; it
may also use fewer states.

Example 6: This coder assigns the right subinterval to 0 in lines 4 and 7 of Example 4,
eliminating the need for using the follow-on procedure; otherwise it is the same as
Example 4.
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0 input 1 input

State Prob{0} Output Next state | Output Next state
0,4) 0<p<l-—a 00 [0,4) = [1,4)
l—a<p<a 0 [0,4) 1 [0,4)
a<p<l = [0, 3) 11 [0,4)
0,3)  0<p< 10 [0,4) 0 [0,4)
<p<l 0 [0, 4) 10 [0, 4)
1,4) O0<p<Y 01 [0, 4) 1 [0, 4)
<p<l 1 [0, 4) 01 [0, 4)

Using more states

If we design a coder with more states, we obtain a more fine-grained set of probabilities.

Fzxample 7: In Table 2.1 on the following two pages we show a coder obtained by letting
N = 8 and allowing all possible subdivisions. The probability ranges are obtained by
following the method described in Section 2.2.4. Output symbol f indicates application
of the follow-on procedure.

This coder is easily programmed and extremely fast. Its only shortcoming is that
on average high-probability symbols require /4 bit (corresponding to a more-probable
symbol probability of 27'/% &~ 0.841) no matter how high the actual probability is. In
Section 2.2.4 we give a practical implementation of the same coder. a

2.2.2 Simplifications and applications of quasi-arithmetic
coding

Langdon and Rissanen [39] suggest identifying the input symbols as the less probable

symbol (LPS) and more probable symbol (MPS) rather than as 0 and 1. By doing this

we can often combine transitions and eliminate states.

Fzample 8: We modify Example 6 to use the MPS/LPS idea. We are able to reduce

the coder to just two states.

LPS input MPS input
State  Prob{MPS} | Output Next state | Output Next state
[074) 1/2 Sp=sa 0 [074) 1 [074)
a<p<l 00 [0,4) = [1,4)
[174) 1/2 < p < 1 01 [074) 1 [074)
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Start Probability 0 input [input
state of 0 input Output Next Output Next
state state
[0,8)  0.000 - 0.182 000 [0, 8) — [1,8)
0.182 - 0.310 00 [0, 8) — [2,8)
0.310 — 0.437 0 [0,6) — (3, 8)
0.437 — 0.563 0 [0, 8) 1 [0, 8)
0.563 — 0.690 — [0,5) 1 [2,8)
0.690 — 0.818 — [0,6) 11 [0, 8)
0.818 — 1.000 — [0,7) 111 [0, 8)
[0,7)  0.000 — 0.208 000 [0, 8) — [1,7)
0.208 — 0.355 00 [0, 8) — [2,7)
0.355 — 0.500 0 [0,6) — [3,7)
0.500 — 0.645 0 [0, 8) 1 [0,6)
0.645 — 0.792 — [0,5) 1f [0, 8)
0.792 — 1.000 — [0,6) 110 [0, 8)
[0,6)  0.000 — 0.244 000 [0, 8) — [1,6)
0.244 — 0.415 00 [0, 8) f [0, 8)
0.415 — 0.585 0 [0,6) f [2,8)
0.585 — 0.756 0 [0, 8) 10 [0, 8)
0.756 — 1.000 [0,5) 101 [0, 8)
[0,5)  0.000 - 0.293 000 [0, 8) — [1,5)
0.293 — 0.500 00 [0, 8) f [0,6)
0.500 — 0.707 0 [0,6) ff [0, 8)
0.707 — 1.000 0 [0, 8) 100 [0, 8)
[1,8)  0.000 — 0.208 001 [0, 8) — [2,8)
0.208 — 0.355 of [0, 8) — (3, 8)
0.355 — 0.500 0 [2,8) 1 [0, 8)
0.500 — 0.645 — [1,5) 1 [2,8)
0.645 — 0.792 — [1,6) 11 [0, 8)
0.792 — 1.000 — [1,7) 111 [0, 8)

Table 2.1: Complete arithmetic coding code table for N = 8.
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Start Probability 0 inputN ; ! inputN ;
state of 0 input Output ox Output ox
state state

[1,7)  0.000 — 0.244 001 [0, 8) — [2,7)
0.244 — 0.415 of [0, 8) — [3,7)

0.415 — 0.585 0 [2,8) 1 [0,6)

0.585 — 0.756 — [1,5) 1f [0, 8)

0.756 — 1.000 — [1,6) 110 [0, 8)

[1,6)  0.000 — 0.293 001 [0, 8) f [0, 8)
0.293 — 0.500 of [0, 8) f [2,8)

0.500 — 0.707 0 [2,8) 10 [0, 8)

0.707 — 1.000 — [1,5) 101 [0, 8)

[1,5)  0.000 - 0.369 001 [0, 8) f [0,6)
0.369 — 0.631 of [0, 8) ff [0, 8)

0.631 — 1.000 0 [2,8) 100 [0, 8)

[2,8)  0.000 — 0.244 010 [0, 8) — (3, 8)
0.244 — 0.415 01 [0, 8) 1 [0, 8)

0.415 — 0.585 f [0,6) 1 [2,8)

0.585 — 0.756 f [0, 8) 11 [0, 8)

0.756 — 1.000 — [2,7) 111 [0, 8)

[2,7)  0.000 - 0.293 010 [0, 8) — [3,7)
0.293 — 0.500 01 [0, 8) 1 [0,6)

0.500 — 0.707 f [0,6) 1f [0, 8)

0.707 — 1.000 f [0, 8) 110 [0, 8)

[3,8)  0.000 - 0.293 011 [0, 8) 1 [0, 8)
0.293 — 0.500 ff [0, 8) 1 [2,8)

0.500 — 0.707 f [2,8) 11 [0, 8)

0.707 — 1.000 — [3,7) 111 [0, 8)

[3,7)  0.000 - 0.369 011 [0, 8) 1 [0,6)
0.369 — 0.631 ff [0, 8) 1f [0, 8)

0.631 — 1.000 f [2,8) 110 [0, 8)

)

21



22 CHAPTER 2. STATISTICAL CODING

Restricting allowable subdivisions

Another way of simplifying an arithmetic coder is to allow only a subset of the possible
interval subdivisions. Using integer arithmetic has the effect of making the symbol
probabilities approximate, especially as the integer range is made smaller; limiting the
number of subdivisions simply makes them even less precise. Since the main benefit of
arithmetic coding is its ability to code efficiently when probabilities are close to 1, we
usually want to allow at least some pairs of unequal probabilities.

Example 9: 1f we know that one symbol occurs considerably more often than the other,
we can eliminate the transitions in Example 8 for approximately equal probabilities.
This makes it unnecessary for the coder to decide which transition pair to use in the
[0,4) state, and gives a very simple reduced-precision arithmetic coder.

LPS input MPS input
State | Output Next state | Output Next state
[074) 00 [074) - [174)
[1,4) 01 [0,4) 1 [0,4)

This simple code is quite useful, providing almost a 50 percent improvement on the
unary code for representing non-negative integers. To encode n in unary, we output n 1s
and a 0. Using the code just derived, we re-encode the unary coding, treating 1 as the
MPS. The resulting code consists of [n/2] 1s, followed by 00 if n is even and 01 if n is
odd. This code is in fact equivalent to the the Rice code with £ = 1 and the Golomb
code with m = 2, as shown in Section 2.3.2. We can do even better with slightly more
complex codes, as we shall see in examples that follow. a

Maximally unbalanced subdivisions

We now introduce the mazimally unbalanced subdivision and show how it can be used
to obtain excellent compression when Prob{MPS} ~ 1. Suppose the current interval
is [L, H). If Prob{MPS} is very high we can subdivide the interval at L+ 1 or H — 1,
indicating Prob{LPS} = 1/(H — L) and Prob{MPS} =1 —1/(H — L). Since the length
of the current interval H — L is always more than N/4, such a subdivision always
indicates a Prob{MPS} of more than 1 — 4/N. By choosing a large value of N and
always including the maximally unbalanced subdivision in our coder, we ensure that
very likely symbols can always be given an appropriately high probability.

Erxample 10: Let N = 8 and let the MPS always be 1. We obtain the following

four-state code if we allow only the maximally unbalanced subdivision in each state.
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0 (LPS) input 1 (MPS) input
State | Output Next state | Output Next state

[0,8) | 000 [0,4) - [1,8)
[1,8) | oo01 [0,4) - [2,8)
2,8) | 010 [0,4) - 3,8)
3,8) | o011 [0,4) 1 [0,8)

We can use this code to re-encode unary-coded non-negative integers with |n/4] + 3
bits. In effect, we represent n in the form 4a 4 b; we encode @ in unary, then use two
bits to encode b in binary. (This is the Rice code with & = 2 and the Golomb code
with m = 4.) O

Changing codes

Whenever the current interval coincides with the full interval, we can switch to a
different code.

Fxample 11: We can derive the Elias code for the positive integers [13] by using the
maximally unbalanced subdivision technique of Example 10 and by doubling the full
integer range whenever we see enough 1s to output a bit and expand the current
interval so that it coincides with the full range. This coder has an infinite number of
states; no state is visited more than once. We use the notation [L, H)/M to indicate
the subinterval [L, H) selected from the range [0, M).

0 (LPS) input 1 (MPS) input
State | Output Next state | Output Next state
[0,2)/2 0 STOP 1 [0,4)/4
[0,4)/4 00 STOP [1,4)/4
[1,4)/4 01 STOP 1 [0,8)/8
[0,8)/8 | 000 STOP — [1,8)/8
[1,8)/8 | 001 STOP — [2,8)/8

This code corresponds to encoding positive integers as follows:

Code

0

100
101
11000
11001

.m%ww»—n‘z
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In effect we represent n in the form 2% + b; we encode « in unary, then use a bits to
encode b in binary. This is essentially the Elias code; it requires [2log, n| + 1 bits to
encode n. O

Design of a class of reduced precision coders

We now present a very flexible yet simple coder design incorporating most of the
features just discussed. We choose N to be any power of 2, but at least 4. All states
in the coder are of the form [k, N), so the number of states is only N/2. (Intervals
with k& > N/2 will produce output, and the interval will be expanded.) In every state
[k, N) we include the maximally unbalanced subdivision (at k + 1), which corresponds
to values of Prob{MPS} between (N — 2)/N and (N — 1)/N. We include a nearly
balanced subdivision so that we will not lose efficiency when Prob{MPS} ~ !;. In
addition, we locate other subdivision points such that the subinterval expansion that
follows each input symbol leaves the coder in a state of the form [k, V), and we choose
one or more of them to correspond to intermediate values of Prob{MPS}. For simplicity
we denote state [k, N') by k.

We always allow the interval [k, N) to be divided at k + 1; if the LPS occurs we
output the log, N bits of £ and move to state 0, while if the MPS occurs we simply
move to state k41, then if the new state is N/2 we output a 1 and move to state 0. The
other permitted subdivisions are given in the following table; it may not be necessary
to include all of them in the coder.

Range of Subdivision LPS input MPS input
states k LPS MPS | Output Next State | Output Next State
0.5 | Y L) ] o 21 1 0
0.5 | &5 [5.N) | o0 4k - T
L A T
oy @) | oo wew | 1w
%) | k5 &N | fff 8k—F 1 B
5 BN k)| 1 0 f 2k =5

For example, the fourth line indicates that for all states k for which 3N/8 < k <
N/2, we may subdivide the interval at 5N/8. If the LPS occurs, we perform the follow-
on procedure twice, which leaves us with the interval [4k — 3N/2, N); otherwise we
output a 1 and expand the interval to [N/4, N).

A coder constructed using this procedure will have a small number of states, but
in every state it will allow us to use estimates of Prob{MPS} near 1, near '/, and
in between. Thus we can choose a large N so that highly probable events require
negligible code length, while keeping the number of states small enough to allow table
lookups rather than arithmetic. In practice, however, use of this design procedure is
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usually not necessary; the coders that result from systematically allowing all states
and transitions are compact and give good compression efficiency.

2.2.3 e-partitions and p-partitions

We have shown that is is possible to design a binary arithmetic coder that admits only
a small number of possible probabilities. In this section we give a theoretical basis
for selecting the probabilities. Often practical considerations limit our choices, but we
can show that it is reasonable to expect that choosing only a few probabilities will
give close to optimal compression. In Section 2.2.5 we give a method for computing
transition cutoff probabilities for a complete coder.

For a binary alphabet, we can compute E(p,q), the extra code length resulting
from using estimates ¢ and 1 — ¢ for actual probabilities p and 1 — p, respectively. We
let d; = g; — p; and expand asymptotically in d to obtain

E = Y —pilogyqi—Y_ —pilog,pi

=1 =1
" 1 d2 d?
= \2In2 O\ p
For any desired maximum excess code length €, we can partition the space of possible

probabilities to guarantee that the use of approximate probabilities will never add more
than e to the code length of any event. We select partitioning probabilities Py, Py, ...

and estimated probabilities (g, ()1, . ... Each probability (); is used to encode all events
whose probability p is in the range P; < p < Piyy. We compute the partition, which
we call an e-partition, as follows:

1. Set i := 0 and Qo := .

2. Find the value of P41 (greater than Q);) such that E(P11,Q;) = . We will use Q;
as the estimated probability for all probabilities p such that ); < p < Piy4.

3. Find the value of ;41 (greater than P,;1) such that E(Piy1,Qiy1) = €. After we
compute P15 in step 2 of the next iteration, we will use ();11 as the estimate for
all probabilities p such that Py < p < Piys.

We increment ¢ and repeat steps 2 and 3 until P11 or ;11 reaches 1. The values for
p < /5 are symmetrical with those for p > 1.

FExample: We show the e-partition for e = 0.05 bit per binary input symbol.
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Range of actual probabilities | Probability to use

0.0000, 0.0130
0.0130,0.1427 0.0676
0.1427,0.3691 0.2501

[ ) 0.0003
[ )
[ )
[0.3691,0.6309) 0.5000
[ )
[ )
[ )

0.6309,0.8579 0.7499
0.8579,0.9870 0.9324
0.9870,1.0000 0.9997

Thus by using only 7 probabilities we can guarantee that the excess code length does
not exceed 0.05 bit for each binary decision coded. a

We might wish to limit the relative error so that the code length can never exceed
the optimal by more than a multiplicative factor of 1 + p. We can begin to compute
these p-partitions using a procedure similar to that for e-partitions, but unfortunately
the process does not terminate, since p-partitions are not finite. As P approaches 1,
the optimal average code length grows very small, so to obtain a small relative loss ()
must be very close to P. Nevertheless, we can obtain a partial p-partition.

It is also possible to express the maximum allowable relative error in terms of
percent log ratio compression loss, as described in Section 1.4.2. We call the resulting
partitions A-partitions; they are essentially the same as p-partitions.

Example: We show part of the p-partition for p = 0.05; the maximum relative error is
b percent. (This is the same as the A-partition for A = log, 1.05 ~ 4.88%.)

Range of actual probabilities | Probability to use

0.0069
0.0291

0.0033,0.0154
0.0154,0.0573
0.0573,0.1670 0.0982
0.1670,0.3722 0.2555

[ )
[ )
[ )
[ )
[0.3722,0.6278) 0.5000
[ )
[ )
[ )
[ )

0.6278,0.8330 0.7445
0.8330,0.9427 0.9018
0.9427,0.9846 0.9709
0.9846,0.9967 0.9931

a

In practice we will use an approximation to an e-partition or a p-partition for values
of Prob{MPS} up to the maximum probability representable by our coder.
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Index Counts Probability Transitions
0 1 of 0 after 0 after 1
P=0 1 4 0.200 P= 3 P=0
=1 1 3 0.250 = 4 =0
= 2 1 2 0.333 =7 =1
=3 2 4 0.333 =5 =1
P= 4 2 3 0.400 = 8 = 3
P=5 3 4 0.429 =9 = 4
=6 1 1 0.500 P =13 = 2
=7 2 2 0.500 P=11 P= 4
= 8 3 3 0.500 P =10 =5
P=9 4 4 0.500 P =10 P=5
P =10 4 3 0.571 P=11 =9
®P =11 32 0.600 P=12 =8
P=12 4 2 0.667 P=14 P =10
P =13 2 1 0.667 P=14 P=7
OP =14 31 0.750 P=15 @QP =11
P =15 4 1 0.800 P =15 P =12

Table 2.2: Probability arrays for quasi-arithmetic coding.

2.2.4 Implementation of binary quasi-arithmetic coding

We now give a full example showing a practical probability estimation mechanism and
the systematic construction of a small but complete binary quasi-arithmetic coder.
This coder makes efficient use of space, so that it is possible to use medium-sized
values of NV (up to 128), and makes heavy use of pointers to make use of the lookup
tables efficient. In the example we use N = 8, i.e., the full interval is [0,8). The size
of the tables used in practice remains manageable; their construction and use follow
exactly the same principles. In practice, using N = 32 improves compression by about
3.5%, and using N = 128 gives only another 0.25 improvement.

Probability estimation for quasi-arithmetic coding

We use a modification of the scaled-count technique to estimate the probabilities used
by the quasi-arithmetic coder. In effect we use small counts ¢, and ¢; for the 0 and
1 events at each decision point; i.e., we keep a count pair ¢; : ¢;. Only a few bits are
used for each count. When either count overflows, we scale both counts downward; the
new scaled count pair is the closest to the (unavailable) new count pair, closeness being
measured by average excess code length. The use of scaling does not hurt compression
by much, as shown in Section 4.2.1. In [27] we present an alternative deterministic
probability estimation method.

In the implementation we denote each possible pair of counts by an index number,
and we precompute all the transitions to new count states, including those requiring
scaling. In Table 2.2 we show the correspondence among counts, probabilities, and
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Terminal states Nonterminal states More nonterminal states
W L R F Q L R F Q
@Qos | Ws Hs [Qos |0 — 0 Qos Ras |1 — 0 Qos
Qor | Wz Hr | Qos| 0 — 0 Qos Qazr |1 — 0 Qos
Qos | We Heg | Qo2 |0 0 0 Qos Qas |1 0 0 Qos
Qos | Ws Hs | Qo |0 00 0 Qos Qas |1 00 0 (Qos
Qs | Wr_ Hs | Qs |0 — 0 Qs @ss |1 — 0 Qos
®Q17 W6® H7 Qis| 0 — 1 Qos WQs- 1 ~® 1@ Q08®
Qe | Ws Hg | Q2|0 01 0 Qos @s6 |1 01 0 (Qos
©®Qs | Wy Hs Qes |1 1 0 Qos
Qos | W Hs | Q6| — — 1 Qos Qer |1 10 0 (Qos
QZ? Ws H? QZS - 1 QOG 1 11 0
O0ul0 1 0 Ou Qs Qos
Q2310 10 0 Qos
Qss | Ws Hs | Qs | — — 1 Qs
Qsr | Wa Hr | Qs | — — 2 Qos
@34 | 0 11 0 Qos

Table 2.3: Complete quasi-arithmetic coding table for N = 8.

probability index numbers for a small example coder, as well as all the transitions.
For example!, ()index P = 14 corresponds to ¢; : ¢; = 3 : 1, and @) we find that
P =11 is the index of the new count state after a I event, where 3)index P = 11
corresponds to ¢y : ¢; = 3 : 2. In the example we allow counts to reach 4; in practice
we allow somewhat larger counts (up to 10 or so), and allow some of the unbalanced
counts to be larger than the balanced ones. It is quite feasible to store each probability
index number in one byte. Note that the probability index array (containing counts
¢p and ¢; and the probability values) is used only during table construction; only the
transition array remains during the actual coding.

Use of quasi-arithmetic coding

We use quasi-arithmetic coding to encode binary events, with probabilities (indicated
by probability index numbers) supplied by the model. We use a pointer into a code
table to indicate the state of the coder, corresponding to the current interval in a true
reduced-precision arithmetic coder. Table 2.3 shows a complete code table for N = 8
(full interval [0,8)); the initial state is Qos. This table contains the same information
as Table 2.1, but in a more compact form. We use left subintervals for 0 events and
right subintervals for 1 events.

We illustrate the use of the coder. (1) Suppose we are in state Q17 = [1,7), the

IThe small circled numbers in this section key the text to the tables.
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W, Wy wWOwW. W
P=013 4 5 6 6
— 1|3 4 4 5 6
9203 3 4 5 5
P=313 3 4 5 5
P=4|2 3 4 4 5
P=5l2 3 3 4 5
— 6|2 2 3 3 4
— 712 2 3 3 4
8|2 2 3 3 4
P=19|2 2 3 3 14
P=10l2 2 3 3 3
P=1112 2 2 3 3
P=1211 2 2 2 3
P=13|1 2 2 2 3
ArP=14]1 1 2® 2 2
P=151 1 1 1 2

Table 2.4: Delta array for quasi-arithmetic coding. The five vectors, one for each
possible terminal state width, are indexed by probability index numbers to find A, the
size of the right subinterval.

H, Hy HO A,

Q45 Q56 Q67 Q78
Qs Qus Qs Qos
Q?S Q36 Q47 QSS
QIS Q26 Q37 Q48
Q16 Q27 Q38
Q17 Q?S

Qus

®

(P e e e
Il
RO N B IO

Table 2.5: Right branch array for quasi-arithmetic coding. The four vectors, one for
each possible value of the high end of a terminal state, are indexed by A, the size of
the right subinterval, to find a pointer to the next state.

¢p 1 ¢; counts are 3 : 1, indicated by index P = 14 (1), and the next event is 1. (5) The
W entry for state ()17 is Wg since the width of the interval is 6; (6) W is a pointer to one
of the five vectors in the delta array (Table 2.4), the interface between the probability
estimator and the coder. (In Section 2.2.5 we show how to find the cutoff probabilities
between successive values of A, which can then be used with Table 2.2 to compute the
delta array.) ) We use P = 14 to index into the Ws vector, and ) find A = 2; this is

the size of the right subinterval of [1,7). ® If the event were 0, we would move down
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Output buffer Bits  Pending

left count
@ 10010110 00000000 | 2 2
@ 10010110 10000000 | 2 3
01011010 00000000 | 8 1
10110100 00000000 | 7 0
€2 10110100 00000000 | 7 1

Table 2.6: Quasi-arithmetic coding output example. Useful bits not yet output are
shown in bold face type.

A = 2 rows in the code table to @5, a “terminal state” (one for which no output or
interval expansion is possible). But in fact the event is 1, so @9 we use the H entry for
state @17, namely Hr, which indicates that 7 is the high end of the interval [1,7). @ H~
is a pointer to one of the four vectors in the right-branch array (Table 2.5). @ We use
A = 2 as an index into the H; vector, and @3 find a pointer to the next state, @s7.
@ We go to state ()57 in the code table. It is a nonterminal state, so we perform the
output indicated by the L, R, F', and () entries, which were computed by applying
the Witten-Neal-Cleary algorithm to the interval [5,7). This is the same information
found in Table 2.1, in the [1,7) state, on the line for probabilities between 0.585 and
0.756, with a I input.

To do the output, we use a two-byte buffer and two counts (see Table 2.6). We
insert new bits into the upper end of the low-order byte, then shift the useful bits into
the high-order byte; when the high-order byte is full of useful bits, we output them.
Continuing the example, @3 suppose that the output buffer contains 6 useful bits, so
there is room for 2 more, and that the pending count is 2, meaning that the next output
bit will be followed by two opposite bits, as in the follow-on mechanism described in
Section 2.1.2. @9 The leading output bit L is 1, so @) we put 10000000 into the low
byte of the buffer (if L had been 0, we would have put 01111111 into the low byte
of the buffer). We then shift left by three bits altogether, one for the leading bit and
two for the follow bits. Since there was only room for two bits, {8 we shift left by two
bits, output 01011010, indicate that space remains for 8 bits, and @9 shift left by one
more bit. €9 The R entry shows that there are no remaining bits. (If there had been,
we would have put them into the upper end of the low-order byte of the buffer, then
shifted them into the high-order byte.) @) The F' entry shows that the pending count
should be increased by 1. The resulting buffer state is shown at ¢2. Finally, €3 the Q)
entry points to the next coder state, (Jog, indicated at ¢J.

Decoding uses essentially the same tables, and in fact is easier than encoding.

2.2.5 Analysis of binary quasi-arithmetic coding

We now show that using binary quasi-arithmetic coding causes an insignificant increase
in the code length compared with pure arithmetic coding. We mathematically analyze
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several cases.

In this analysis we exclude very large and very small probabilities, namely those
that are less than 1 /W or greater than (W —1)/W, where W is the width of the current
interval. For these probabilities the relative excess code length becomes infinite.

First we assume that we know the probability p of the left (0) branch of each
event, and we show both how to minimize the average excess code length and how
small the excess is. In arithmetic coding we divide the current interval (of width W)
into subintervals of length L and R; this gives an effective coding probability ¢ = L/W
since the resulting code length is —log, ¢ for the left branch and —log,(1 — ¢) for the
right. When we encode a sequence of binary events with probabilities p and 1 — p using
effective coding probabilities ¢ and 1 — ¢, the average code length L(p, ¢) is given by

L(p,q) = —plog,q — (1 — p)log,(1 — q).

If we use exact arithmetic coding, we can subdivide the interval into lengths pW and
(1 — p)W, thus making ¢ = p and giving an average code length equal to the entropy,
H(p) = —plogyp— (1 — p)log,(1 — p); this is optimal.

Consider two probabilities p; and p, that are adjacent based on the subdivision
of an interval of width W; in other words, py = (W — Aq)/W, ps = (W — Ay)/W,
and Ay = Ay — 1. For any probability p between p; and p,, either p; or py should be
chosen, whichever gives a shorter average code length. There is a cutoff probability p*
for which p; and p, give the same average code length. We can compute p* by solving
the equation L(p*,p1) = L(p*, p2), giving

I - (2.1)

We can construct the delta table by computing cutoff probabilities for every pair of
adjacent coding probabilities and every possible interval size and then applying them
to the count state probabilities. As an example, we compute the value of A, the size
of the right subinterval, to be used for ¢; : ¢;, =3 : 1 (i.e., for p = 3,;) and W = 6.
Clearly A = 1 or 2, so p1 = %% (A; = 2) and p; = % (A = 1). We compute
p* =log2/log(5/2) ~ 0.756, and choose A = Ay = 2 since p; < p < p* < pp. This is
the entry at ®) in Table 2.4.

Probability p* is the probability between p; and p, with the worst average quasi-
arithmetic coding performance, both in excess bits per event and in excess bits relative
to optimal compression. This can be shown by monotonicity arguments.
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Theorem 4 [f we construct a quasi-arithmetic coder based on full interval [0, N), and
use correct probability estimates, the number of bits per input symbol by which the
average code length obtained by the quasi-arithmetic coder exceeds that of an exact
arithmetic coder is at most
4 2 1 1 0.497 1

etk o)+ o )

m2 BN TU\NE) M TN TY\NE)
and the fraction by which the average code length obtained by the quasi-arithmetic coder
exceeds that of an exact arithmetic coder is at most

lo

2 1 0 1 __ 0.0861 0 1
82 eln2log, N + ((logN)Q) ~log, N + ((logN)Q) '
Proof: For a quasi-arithmetic coder with full interval [0, N), the shortest terminal state
intervals have size W = N/4 + 2. The worst average error occurs for the smallest W
and the most extreme probabilities, that is, for W = N/4 4+ 2, p; = (W —2)/W, and
p2 = (W—=1)/W (or symmetrically, py = 1/W and py = 2/W). For these probabilities,
we find the cutoff probability P*. Then for the first part of the theorem we take

the asymptotic expansion of L(ps,p*) — H(pz2), and for the second part we take the
asymptotic expansion of (L(ps, p*) — H(p2))/H(p2). O

If we let p = (p1 + p2)/2 and note that the maximum value of p in our analysis is
1 —1/W, we can expand Equation (2.2) asymptotically in W to express p* as

1 p—1/2
6W2p(1 —p)

=P+ + O(1/W).
The O(-) term is 1/W because of the effect of the maximum possible value of p. The
constant in the O(1/W) term is very small, less than 0.002. By computing

~ 1 p—1/2

N
we can find the cutoff probabilities using rational arithmetic; the compression loss
introduced by using p* instead of p* is completely negligible, never more than 0.062.
In the example above with p; = %3 and py = %, we find that p* = log2/log(5/2) ~
0.75647 and p* = 245/324 =~ 0.75617.

Next we consider a more general case, in which we compare quasi-arithmetic coding
with arithmetic coding for a single worst-case event. We assume that both coders
use the same estimated probability, but that the estimate may be arbitrarily bad.
In this case we find the cutoff probability for '/, < p; < p; by equating the excess

code length from using probability p; for the more probable event and the excess
from using probability ps for the less probable event, that is, by solving the equation
—log, p1 + log, p* = —logy(1 — pa) + log, (1 — p*); this yields
1 W =A
Il—py  W-1"~

h

*

p:

I+
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The excess code length in this case is just log,(W/(W — 1)) ~ 1/W In2 regardless
of the value of A;. As in the previous theorem, the smallest value of W is N/4 + 2.
By substituting this value of W into the expression for the excess code length and
expanding asymptotically, we prove the following theorem which bounds the worst-
case excess code length.

Theorem 5 [f we construct a quasi-arithmetic coder based on full interval [0, N), and
use arbitrary probability estimates, the number of bits per input symbol by which the
code length obtained by the quasi-arithmetic coder exceeds that of an exact arithmetic
coder in the worst case is at most

L N+s 4 5.771
O ~ =~
B2 N11 " Nm2~ N

2.2.6 Quasi-arithmetic coding for a multi-symbol alphabet

Constructing an optimal quasi-arithmetic code for a multi-symbol alphabet is a non-
trivial matter, but we can easily construct a suboptimal code by the following three-step
procedure.

1. We design a multi-state code table for a two-symbol alphabet with various pos-
sible symbol probabilities.

2. We decompose the multi-symbol alphabet into a binary tree with the alphabet
symbols at the leaves, such that the product of the edge probabilities from the
root to each leaf approximately equals the corresponding symbol probability.

3. We follow all paths through the tree of Step 2, using the table from Step 1 to
compute an output codeword and next state for each alphabet symbol from each
possible starting state.

Fxample 12: We construct a two-state code for the three-symbol alphabet {A, B, C},
with p4s = 0.7, pp = 0.2, and pc = 0.1. First we construct a two-state binary code.
In this example we use a very simple binary code, in which we merely distinguish the
input symbols as more or less probable; a more complete two-state code would also
allow the two probabilities to be approximately equal. We indicate the more probable
symbol by MPS and the less probable symbol by LPS; the probability of MPS can be
taken to be about 0.71.

MPS input LPS input

From state Output Next state | Output Next state

EO - El 00 EO
B, 1 Eq 01 FEy
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Next we construct a binary tree with each branch labeled either MPS or LPS, the
probability of MPS being 0.71.

MPS

LPS

MPS

B

LPS

C

The effective probabilities of the leaves are p ~ 0.710, p5 ~ 0.206, and p> ~ 0.084.
Next we use the tree and the table to derive the following code.

. it Input A Input B Input ¢
rom state Output Next state | Output Next state | Output Next state
B, _ B, 00 E, 0000 Ey
Ey 1 Eq 01 Iy 0100 Eo

Even though it does not have the prefix property, this code is uniquely decodable with
bounded delay. For example, from state Ey, the code for B (00) is a prefix of the code
for €' (0000); but a B input leads to state Fy, and the first two bits output from state
FEy are never 00; hence a B will not be decoded as a C'. The coding delay is at most
one symbol, and the following four-state table can perform the decoding.

Input O Input 1
From state Output Next state | Output Next state
DO _ Dl AA DO
Dl _ D2 A D2
D2 _ D3 BA DO
D3 C DO B D2

The asymptotic average code length for this code is 1.171 bits per symbol. The
entropy of the source is 1.157 bits per symbol, so the compression loss is only 1.23.
The Huffman code for this source has an average code length of 1.3 bits per symbol,
giving a compression loss of 10.53, over 8 times as large. In this example we used a
two-state code; using more states usually gives even more efficiency. a

Note that the two-symbol code is used only for constructing the multi-symbol code.
The multi-symbol code tables and coding algorithm are similar to the Huffman tables
and algorithm, but with added state information.

2.3 Prefix codes

The simplest statistical coders have a direct correspondence between input events and
code words. To ensure decodability, no codeword may be a prefix of any other; codes
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Symbol Probability Codeword

ay 13/41 00
a2 11/41 01

as 7/41 11

a4 5/41 100
ax 3/41 1010
273 2/41 1011

Table 2.7: Example of a Huffman code for a small alphabet. The symbol weights were
arbitrarily selected to be the first six prime numbers.

with this property are called prefir codes. A number of prefix codes are possible for
any set of events.

The simplest prefix codes are fixed length binary codes, of which the ASCII code is
an example. Fixed length binary codes have little independent interest, but they are
used as components of other codes. For instance, they are sometimes used to encode
symbols occurring for the first time in more complicated methods, and they are used
as one of the two parts of each codeword in Rice coding. If the number of symbols to
be encoded is a power of two, all symbols are assigned codewords of the exactly same
length. Otherwise, it is possible to construct an “adjusted binary code,” in which some
symbols are assigned a codeword one bit shorter. Specifically, if the alphabet contains
n = 2" 4bsymbols 0,1,2,...,n—1, then the codewords for symbols 0,1,2,...,n—2b—1
are just the k-bit binary representations of the symbols, while the codewords for the
remaining symbols are (k4 1)-bit binary numbers, symbol j in the range n—2b < j < n
being represented by j + n — 2b. Adjusted binary codes are used as one of the two
parts of each codeword in Golomb coding, and we use them in the image compression
algorithm of Section 3.5.

2.3.1 Huffman codes

If we are given the probabilities of n events, we can use Huffman’s procedure [33]
to construct an optimal prefix coding tree for those events. We briefly describe the
procedure. We begin with a forest of n weighted trees, each consisting of a leaf node
corresponding to an event; the weights of the leaves are proportional to the probabilities
of the corresponding events. We repeatedly select the two trees with smallest weights
(ties being broken in any systematic way), and make them the left and right subtrees of
a new tree, whose weight is the sum of the weights of the two subtrees. The procedure
is complete when exactly one tree remains. The codeword for any event is obtained by
traversing the tree from the root to the leaf corresponding to the event, outputting O
at every left branch and 1 at every right branch. Table 2.7 illustrates a Huffman code
for a six-symbol alphabet.

For a fixed set of probabilities, this procedure is straightforward. In a dynamic
setting, however, changing the codes can be very time-consuming since small changes
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Golomb | m=1] m=2 m=23 m=4 \'m=5\m=6|m=7 m=8| m=9

Rice k=20 k=1 k=2 k=3

n=~0 0 00 00 000 000 000 000 0000 | 0000
1 10 01 010 001 001 001 0010 | 0001 0001
2 110 100 011 010 010 0100 | 0011 0010 | 0010
3 1110 101 100 011 0110 | 0101 0100 | 0011 0011
4 11110 1100 1010 1000 0111 0110 | 0101 0100 | 0100
5 1°0 1101 1011 1001 1000 | 0111 0110 | 0101 0101
6 10 11100 1100 1010 1001 1000 | 0111 0110 | 0110
7 170 11101 11010 1011 1010 1001 1000 | 0111 | 01110
8 1%0 111100 | 11011 11000 {10110 | 10100 | 10010 | 10000 O1111

9 1°0 | 111101 | 11100 | 11001 | 10111 | 10101 | 10011 | 10001 | 10000
10 1'% 1°00 | 111010 | 11010 | 11000 | 10110 | 10100 | 10010 | 10001
11 110 1°01 | 111011 | 11011 | 11001 | 10111 | 10101 | 10011 | 10010
12

120 100 | 111100111000 11010 | 11000 10110 | 10100 | 10011

Table 2.8: Examples of Golomb and Rice codes. For typographical convenience, strings
of 5 > 5 consecutive 1s are denoted by 1. The codes can be extended to any non-
negative values of n, and codes can be constructed for all m > 0 and all &£ > 0.

to the probabilities can cause global changes to the optimal tree [15,19,36,73,74]. Al-
though Huffman codes are optimal among prefix codes, the expected code length of a
Huffman code is the same as the entropy only if all the probabilities are powers of !/;.

2.3.2 Golomb and Rice codes

A simpler procedure, due to Golomb [22], gives prefix codes that are suboptimal but
very easy to implement. Golomb codes are distinguished from each other by a sin-
gle parameter, so dynamic updating is accomplished by estimating the value of the
parameter. In Section 2.3.3 we show how this can be done effectively.

Golomb codes are used to encode symbols from a countable alphabet. The symbols
are arranged in descending probability order, and non-negative integers are assigned
to the symbols, beginning with 0 for the most probable event. To encode integer n
using the Golomb code with parameter m, we first compute |n/m| and output this
integer using a unary code. Then we compute n mod m and output this value using a
binary code, adjusted as described above so that we sometimes use [log, m| bits and
sometimes [log, m] bits.

Rice coding, developed independently by Rice [53,54,55], is the same as Golomb
coding except that only a subset of the parameter values may be used, namely the
powers of 2. The Rice code with parameter k is exactly the same as the Golomb
code with parameter m = 2. Hence to encode integer n using the Rice code with
parameter k, we first compute [n/2¥| and output this integer using a unary code.
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Then we compute n mod 2¥ and output this value using a k bit binary code. The
resulting codes give less compression efficiency than Golomb codes, but they are even
easier to implement, especially in hardware [72], since we can compute |n/2*] by
shifting and n mod 2% by masking out all but the k low order bits. Our parameter
estimation method for Golomb codes applies to Rice codes too. Table 2.8 shows the
beginning of Golomb and Rice codes with a number of different parameter values.

When the distribution of values to be encoded is exponential, it can be shown that
a Golomb code with the correct choice of the parameter m produces an optimal prefix
code for the distribution [20]. Rice coding has been used as the basis for a lossless
hardware compressor [72]. Its compression effectiveness is analyzed in [78].

2.3.3 Selection of Golomb or Rice coding parameter

We now describe an on-line algorithm for estimating the coding parameter for Golomb
and Rice codes, and prove a bound on its effectiveness. For simplicity, in this discussion
we assume the use of Rice coding because it is easier to implement and faster than
Golomb coding, and because it gives fewer parameter values to choose from; the extra
code length introduced is very small.

A common method of obtaining and transmitting coding parameters in algorithms
that use Rice coding [55] is to divide the data into blocks, and for each block to compute
the code lengths that would be obtained using each of a set of reasonable parameter
values and output the best parameter value as side information. The problems with
this approach are the delay at the start of each block and the need to send the block
parameter value as side information.

Rather than assuming that the parameter is constant over an arbitrary block of
data, we make the more reasonable assumption that it is the same for data in sim-
ilar contexts. It might be possible to adaptively estimate the mean and variance of
the distribution of encoded values for each context and then to select the best-fitting
exponential distribution, but we have found a more straightforward method.

For each context we maintain a cumulative total, for each reasonable Rice parameter
value k, of the code length we would have if we had used parameter k to encode all
values encountered so far in the context. Then we simply use the parameter with the
smallest cumulative code length to encode the next value encountered in the context.
Both in theory and in practice we quickly converge to good parameter estimates.

We now analyze the code lengths obtained by using this parameter estimation
method. We assume that the source probabilities follow a geometric distribution,
given by p, = po(1 — po)”, where p,, is the probability that symbol n occurs. We also
assume that py has a fixed but unknown value. For each non-negative integer value k
of the coding parameter, we define

B = (1 —po)zk-

We define random variable [ to be the code length for one symbol encoded using
parameter value k, and we define random variable dj, to be 41 — . When we are
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using parameter k, the 2% smallest values (0 to 2¥ —1) require k+1 bits each to encode,
the next 2% values require k 4 2 bits, and so on, the number of bits increasing by 1
every 2% values. From this we can find the values of di(n), the code length difference
for encoding symbol n. The value of di(n) is 1 for 0 < n < 2¥; it is 0 for the next 2F+1
values of n; then it decreases by 1 every 2¥*! values. The aggregate probability of the
symbols for which di = 1 can be shown to be 1 — f;; for di, = A < 0 the probability
is BT (1 — 82). Using these probabilities, we find that the expected value of dy,
denoted by dj, is given by

Bk

— 5
1 - k

dy = E(dy) =1

and that the variance of dj, denoted by o7, is given by

Br(l — By + BE)
(L=p02

For a given value of pg, we find that E(l;) = E(ly4+1) (that is, E(dy) = 0) when
Br = (V5 —1)/2 ~ 0.618. (This value, (v/5 — 1)/2, denoted by ¢, is ¢ — 1 = 1/,
where ¢ is the golden ratio.) The values 3 determine the critical values of py where
the best parameter choice changes from &k to &+ 1. It is remarkable that this analysis
holds for all values of k.

For now we restrict our choice to two parameter values, & and k£ + 1, presumed
to be the two best choices for the current value of py. We assume that £ is the best
choice; similar reasoning applies if k£ + 1 is optimal. At any point our algorithm may
choose the worse of the parameter values, but we now show that to code a sequence
of N symbols, we use on average at most O(v/N) bits more than the average number

o = Var(dy) =

used by the best parameter.

We note that since Byy1 = 37 and B,_1 = /B, the value of 3, satisfies the relation
$? < Br < /p when k is the optimal parameter value. Throughout this range, the
standard deviation of d; is bounded by a small constant s &~ 2.117, the value when
Br = V.

As we proceed in the coding, the average value of the cumulative difference D, be-
tween the code lengths for the two candidate parameters will increase linearly. At first,
when its expected value is not large (up to O(v/N)), the actual value will sometimes
be negative, causing our algorithm to select the wrong parameter; but in this range the
total expected excess code length is only O(\/ﬁ) Eventually the average difference
becomes large enough that choosing the wrong parameter becomes very unlikely, the
low probability canceling the potentially larger number of incorrect choices. The net
effect is an excess of O(v/N) bits. We formalize this reasoning in the following theorem.

Theorem 6 For a stationary source whose probability distribution is given by p, =
po(l — po)™, using our parameter selection algorithm in conjunction with Rice coding
gives an expected code length that exceeds the expected code length given by the optimal
parameter by at most O(V/N) bits.
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Proof: We define D; to be the cumulative sum of random variable d; up to time . We
let § = s¢/N, where s is the maximum standard deviation of d, in the range of interest,
and we let T' be the number of symbols needed until E(Dr) = T'd), becomes §. Up
to symbol T', even if we always choose the wrong parameter the total expected excess
code length is only sv/N, by definition.

We divide the remaining symbols into intervals of length T'. In the interval from rT
to (r+1)T, we will choose the wrong parameter only when D; < 0. Since the expected
difference is ré at the beginning of the interval and increases within the interval, and the
standard deviation of D; throughout the interval is less than sv/(r + 1)T < svV/N = 0,
we see that D; becomes negative only if its value is more than ré/é6 = r standard
deviations away from its mean. By Chebyshev’s inequality, the probability of this
happening is at most 1/r%. Hence the expected number of times we choose the wrong
parameter in the interval is at most 7'/r?. The average excess code length when we
choose the wrong parameter is dj, = §/T, so the expected excess for the interval is at
most §/r?. We sum this excess over all intervals, and find the total to be

NIT s < 1 72 72
— <6 — =6—=—sVN.

Including the excess for the first interval, we see that the total expected number of
excess bits over all N input symbols is less than

WN (1 ¥ z) )

a

The constant factor on the bound can be improved by better tail estimates. We omit
the proof that parameters other than the two closest to optimal contribute a negligible
amount to the excess code length.

Our theorem bounds the average excess code length used by our algorithm. We
expect that it can be extended by an introduction of randomness to arbitrary individual
sequences, showing that with high probability our method gives a code length for an
arbitrary sequence within O(\/ﬁ) bits of that produced by using the best value of the
parameter on that sequence.

Applications of the parameter estimation technique

The parameter estimation technique described here makes it possible to use Golomb
or Rice coding as an alternative to arithmetic or Huffman coding in almost any setting
requiring adaptive modeling. All that is required is that the events to be encoded be
arranged in approximately descending order of probability. In the image compression
system described in Section 3.5, the ordering is the natural one due to the exponential
distribution of prediction errors, while the fast PPM method described in Section 4.4
maintains event lists in frequency count order. In other applications it is possible
to maintain approximate ordering by using heuristics such as move-to-front (move an
event to the head of the list whenever it occurs) or transpose (move an event up one
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place in the list whenever it occurs). In all cases the only extra storage required is that
needed for the cumulative counts for the possible parameter values in each context.

Golomb and Rice coding give the fast, flexible modeling obtained with arithmetic
coding without the time-consuming arithmetic. They give faster coding even than
Huffman coding because of the especially simple prefix codes involved, and adaptive
modeling is possible without the complicated data structure manipulations required
in dynamic Huffman coding. The main drawback to Golomb and Rice coding is the
limited class of distributions that can be modeled exactly, but even this is not a serious
problem (unless one event’s probability is close to 1) because the probabilities of the
more probable events will be estimated fairly well.

The parameter estimation technique described here can be used to adaptively es-
timate any modeling parameter. Most compression techniques can be improved by
allowing tweaking of modeling parameters, but end users can be confused by a mul-
tiplicity of choices. Our technique permits hiding the tweaking within the program,
and gives rapid convergence to good parameter values, at least for sources that can be
modeled by stationary distributions.

2.4 Parallel coding

The increasing availability of massively parallel computing architectures and the enor-
mous volume of scientific data being produced make parallel data compression a natural
subject of research. In [30] we present general-purpose algorithms for encoding and
decoding using both Huffman and quasi-arithmetic coding, and apply them to the
problem of lossless compression of high-resolution grayscale images.

Our system for lossless image compression described in Chapter 3 has four com-
ponents: pixel sequence, prediction, error modeling, and coding. In Section 3.4 we
describe MLP, a multi-level progressive method for lossless image compression. We
shall see that the prediction and error modeling steps of MLP can be easily paral-
lelized. In this section we show that the coding step can also be done in parallel.

A distinguishing characteristic of compression algorithms is the need to maintain
decodability: the encoder may use only information that will be available to the de-
coder. Since we are considering the case where we wish to do both encoding and
decoding in parallel, the location of bits in the encoded file must be computable by the
decoding processors before they begin decoding.

The main requirement for our parallel coder is that the model for each event is
known ahead of time. It is not necessary for each event to have the same model. In the
MLP algorithm, the prediction error at each pixel is modeled as a random variate from
an appropriate distribution with zero mean; the variance of the distribution is estimated
by the error modeler. We then use a statistical coder to encode the error with respect to
the distribution with the given variance. The distribution family is chosen so that the
variance is the only parameter of the distribution, and the code length is not sensitive to
small differences in the estimated variance, so we can select a small number of variances
(fewer than 50) and precompute a distribution (and perhaps a code) for each of them.
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Thus each event is encoded using a fixed known code, satisfying our requirement. In
Section 2.4.1 we develop a parallel encoder and decoder for the simpler Huffman codes;
in Section 2.4.2 we extend our coders to quasi-arithmetic coding. The parallel Huffman
algorithm can be applied directly to any prefix codes, including Golomb and Rice codes.

We use the PRAM model of parallel computation; the number of processors is p.
We allow concurrent reading of the parallel memory, and limited concurrent writing,
to a single one-bit register, which we call the completion register. It is initialized to O
at the beginning of each time step; during the time step any number of processors (or
none at all) may write 1 to it. We assume that n events are to be coded; in MLP these
would be the n pixels of a level.

The basic problem in parallel coding is to encode the values of n events in parallel,
in such a way that they can be decoded in parallel. The values of the events become
available simultaneously at the beginning of encoding. The values may come from
different probability distributions, but all the probability distributions become available
at the same time as the events’ values. The main issue is in dealing with the differences
in code lengths of different events. For simplicity we do not consider input data routing.

2.4.1 Parallel Huffman coding

We now develop the basic parallel coding algorithms using Huffman coding. In practice
Huffman coding is often the best choice for statistical coding, since the resulting codes
are usually close to optimal and they can be very fast if implemented by table lookups.
Because Huffman codes are instantaneous, coding is simplified: the code bits for all
events are disjoint and independent.

Codeword-length coding

One simple approach involves assigning one event to each processor and noting that
each encoding processor can easily compute the code length of its event. By a single
prefix operation each processor can compute the location of its code bits in the output
stream; it can then write them directly. When all processors have finished, a new event
is assigned to each processor. This method works if the decoding is to be sequential;
in fact it produces the same coded output as a sequential encoder. Parallel decoding
is difficult, since the decoding processors cannot easily determine the lengths or the
starting locations of the output codewords, although in fact, De Agostino and Storer
[11] show that this can be done by assigning processors to encoded bits.

Bit-transpose coding

We can achieve decodability by rearranging (transposing) the output bits. Instead of
outputting all bits for the first event, then all bits for the second, and so on, we output
the first bit for each event in the first time step, then the second bit for each event
in the second time step, and so on. After each time step, we can determine whether
any codes are complete by having all completing processors concurrently write a 1 to
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Phase 1 Phase 2 Phase 3
Rl 1 |2] 3 P |3]12 P |12
P, 5| 6 P, | 6 P e
B L7 9 P 11 P
P, 10 1 |12 P, |10 P,
Figure 2.3: Parallel reallocation coding. There are four processors, P,..., Py and 12
events, 1,....,12. Initially three events are assigned to each processor. The first phase

ends when processor P; finishes event 9 after 4 time steps; each processor has output 4
bits by this time. Events 3 and 10 have been partially encoded; they remain assigned
to processors P; and Py; the untouched events are reassigned to balance the remaining
load. The second phase ends one time unit later, when P, finishes event 6 and P
finishes event 10. The in-progress event (11) temporarily remains assigned to Ps; the
untouched event (12) is “reassigned” to Pi; then since P, is inactive, P3’s processing is
shifted to P,. Events 11 and 12 are finished in the last time step.

the completion register. If any codes are complete, the corresponding processors no
longer produce output; output from the remaining processors is shifted accordingly
by a prefix operation. This code can be decoded in parallel: each decoding processor
can determine when the code for its event is complete, and the same concurrent write
and prefix operation can determine where the remaining processors are to obtain their
next bits. When all processors have completed their output, a new event is assigned to
each processor. If there is one processor for each event, this method makes good use
of available processors. The difficulty lies in the time-consuming prefix operation that
must be performed after every time step in which a processor finishes.

Reallocation coding

If the number of processors is much less than the number of events, we can reduce the
number of prefix operations by allowing each processor to begin working on another
event as soon as it has completed an event. First we distribute the n events equally
among the p processors. For analysis we assume that the allocation is random.
During processing, we follow the bit-transpose protocol of Section 2.4.1: at each
time step each processor writes a single bit to a location that will be known to both
encoder and decoder. When a processor finishes outputting the code for one event, it
goes on to the next event allocated to it, even though other processors are still working
on earlier events. Code lookup is assumed to be fast: the codes are small enough that
the full code can be stored in each processor’s memory, or perhaps distributed among
small groups of nearby processors. When one processor finishes all its allocated events,
it indicates this fact by writing 1 to the completion register. When the completion
register is 1, the output process is interrupted. At this time the events allocated
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to other processors fall into three categories: completed, in-progress, and untouched.
In-progress events remain assigned to their current processors; untouched events are
distributed evenly among the processors. Processing of the reallocated events then
continues until the next time that a processor finishes all its allocated events. Toward
the end of processing, the number of remaining events will become less than the number
of available processors. At this point we deactivate processors, making the number of
active processors equal to the number of remaining events. We then revert to the
bit-transpose method of Section 2.4.1. The entire process is illustrated in Figure 2.3.

Analysis of parallel Huffman coding

We analyze the time required by the parallel algorithm. We assume that in one time
unit each processor can output one bit, and that a prefix operation, as required for
reallocation, takes 2[log, p;| time units, where p; is the number of active processors at
time {. We denote the number of bits in the longest single code word by L, and the
average number of bits per event by H.

We can easily show that the time required for bit output is between [nH/p] and
[nH/p] + L. The processors are operating at full efficiency until there are fewer events
than processors, using at most [nH/p]| time units. At that time no processor has more
than L bits remaining, so no more than L additional time units are needed. It is clear
that even if the processors can operate at full efficiency, they require at least [nH/p]
time units.

The more interesting analysis concerns the number of reallocations required. We
define a phase to be the period between reallocations. Farly phases are those which
take place while the number of events is greater than the number of processors; late
phases are those needed to code the final p or fewer events. We bound the number of
reallocations needed in the following theorem.

Theorem 7 When coding n events using p processors, the number of reallocations
needed by the reallocation coding algorithm is at most Llogy(2n/p) in the worst case.

Proof: We define a superphase to be the time needed to halve the number of remaining
events. Consider the first superphase. The number of events assigned to each processor
ranges from n/p in the first phase down to n/2p in the last. At least one processor
completes all its events in each phase; such a processor must output at least one bit
per event, since all code words in a Huffman code have at least one bit. This processor
(and hence all processors) thus output at least n/2p bits in each phase, making a total
of at least n/2 bits output in each phase. The total number of bits that must be output
in the first superphase is at most nl/2, so the number of phases in the first superphase
is at most L.

The same reasoning holds for all superphases. The number of superphases needed
to reduce the number of remaining events from n to p is log,(n/p), so the number
of phases needed is just Llog,(n/p). Once p or fewer events remain, we fall back to
bit-transpose coding, which may require L late phases, so the total number of phases
needed is at most L log,(2n/p). 0
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Parallel Huffman coding in practice

We have simulated parallel Huffman compression for a set of 21 Landsat Thematic
Mapper 8-bit grayscale images; the images are described in Section 3.6. We simulate
only the last level of coding (n = 131,072 pixels) for each image, using p = 4,096
processors. Theorem 7 shows that at most 6L reallocations are needed for these pa-
rameters.

For our test images, the number of early phases is at most 7, the average being 5.6.
It usually happens, however, that the remaining code lengths take on many of the
possible possible values, so the number of late phases is large. The average value of L
in the simulations is 23.7, and the average number of late phases is 13.7.

To improve compression time, we must reduce the number of phases. Using the
variability index technique described in Section 3.4.2, we can more evenly balance the
output bits among the processors. The result is a reduction in the number of early
phases for most of the images; a few stayed the same. The average falls to 4.6. The
number of late phases is essentially unaffected.

By reducing L, the length of the longest code, we can reduce the number of late
phases. We can do this by substituting a special IGNORE code for the codes of events
longer than a certain threshold §. These long events must then be transmitted sepa-
rately. There are not very many of them and their code lengths are long, so we lose
very little compression efficiency by sending them unencoded at the end of encoding;
this is easy to do in parallel after a prefix operation to assign long events to processors.
The IGNORE code itself can be of length . In simulations with § = 10 using the
variability index technique, the average number of late phases falls to 9.1. The average
loss in compression is only 196 bytes.

We can further reduce the number of early phases by performing local reallocations.
Instead of using time 2[log, p:| to reallocate all untouched events when one processor
completes its events, we can arrange local exchanges between neighboring processors,
thus lengthening the time between full reallocations.

2.4.2 Parallel quasi-arithmetic coding

Huffman coding is nearly optimal in that it produces an average code length close to
the entropy of the source model used for coding. Its suboptimality can be appreciable,
however, whenever one input event has a probability near 1. In image compression,
this happens when the variance of the model’s distribution is small, in which case the
zero-error event has high probability. For example, when the variance of a Laplace
distribution is less than 1.04, the probability of a zero error is more than 0.5; when the
variance is less than 0.26, the probability of a zero error is more than 0.75.

When Huffman coding is inadequate, we can turn to arithmetic coding. In par-
ticular, we use the multi-symbol-alphabet version of quasi-arithmetic coding. Since
quasi-arithmetic coding can be viewed as a generalization of Huffman coding, the ex-
tension of the parallel Huffman algorithm is natural.
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Parallel algorithm

We can apply the reallocation coding protocol of Section 2.4.1 directly to quasi-
arithmetic coding. The only complication arises when the last event of a processor’s
allocation leaves the processor in a state other than the starting state. We deal with
this by providing each processor with one additional “event,” to be encoded after the
last allocated event has been encoded. This event is designed to force the processor
back to the starting state by the output of a small number of bits. (Often just one bit
is required.)

Example 13: If we were using the three-symbol code in Example 12, and if the last
symbol to be output by a processor (starting in state Sy) were B, we would output 00;
then we would have to force the processor back to state Sy. This can be done by
outputting 1 or 01; of course we would choose the shorter string. Without the extra
bit, the decoder would not know whether the last symbol was B or (, since the codes
for both of them begin with 00. After reading the 1 and decoding B, the decoder
would know that the processor had no more data to encode, so it would not attempt
any further decoding. O

In effect, we have a number of arithmetically coded output streams; we have to
solve the end-of-file problem for each of them. It is not difficult, merely a nuisance.
(A simpler solution, reverting to a Huffman code for the last event of a processor’s
allocation, does not work: toward the end of processing, an event with a long code
may become a processor’s last event through reallocation, even though it was not the
last when the processor began working on it. This happened to event 10 in the example
of Figure 2.3.)

The algorithm for parallel quasi-arithmetic coding is as follows:

1. We assign each event to a processor, assigning the same number of events to
each processor. The events may be assigned randomly or, even better, we may
attempt to give each processor approximately the same number of bits to output,
as discussed in Section 3.4.2.

2. Each processor proceeds sequentially through its assigned events, writing one
bit to a preassigned location at each time step. If a processor completes all its
assigned events, and it is in the starting state, it writes 1 to the completion
register. If a completing processor is not in the starting state, it begins the
finishing-up procedure described above. After finishing up, it writes 1 to the
completion register (unless a reallocation has taken place, giving the processor
more events to work on).

3. When the completion register becomes 1, processing is interrupted for event re-
allocation. Events currently being processed remain with their current processor.
The untouched events are divided among all the processors. Processors that have
begun but not completed the finishing-up procedure must complete the proce-
dure.
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4. It a reallocation leaves any processors with no events and no finishing up to do,
those processors are deactivated. We perform a prefix operation on the remaining
events to determine the location of each processor’s next output bit.

After reallocation, we return to Step 2, and repeat until no events remain.

Parallel coding summary

We have shown that efficient parallel lossless compression and decompression is feasible,
using either Huffman coding or, more surprisingly, quasi-arithmetic coding; we have
presented algorithms and analysis. Our algorithm uses randomization to limit the
number of reallocations. For images, the variability index technique of Section 3.4.2
provides sufficient balancing of output bits to obviate randomization. The ideas of this
section apply to any compression problem in which the model needed to encode each
event is fixed ahead of time.
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LOSSLESS IMAGE COMPRESSION

LOSSLESS COMPRESSION OF IMAGES, in which the compression is completely re-
versible and the original data can be reconstructed exactly, is required in several fields,
including space science, medical imaging, and nondestructive testing of materials. In
each of these fields the features of interest in the images have characteristics similar to
noise, so any lossy method that removes noise may also remove meaningful data. The
image compression techniques discussed in this chapter are all lossless. It should be
noted that the data being compressed is usually quantized analog data. The quantiza-
tion process makes the data inherently lossy, but our methods introduce no additional
loss.

One of our lossless techniques is progressive, meaning that we can use a small part
of the losslessly encoded data to recover a lossy version of the original data; thus a user
can browse the lossy data prior to obtaining the full lossless data.

In Section 3.1 we present a new four-component paradigm for lossless image com-
pression; in Section 3.2 we describe a general method for coding prediction errors using
arithmetic coding. In Sections 3.3 through 3.5 we give details of three lossless image
compression systems; two of them are designed for high compression efficiency, while
the third is designed for speed. In Section 3.6 we detail experiments showing that our
methods improve on other methods in the literature.

3.1 A paradigm for lossless image compression

Our approach to lossless image compression is to develop practical, efficient compres-
sion algorithms with a sound theoretical basis and to prove rigorous guarantees of
compression performance. We concentrate equally on encoding and decoding; in fact,
most parts of our programs are common to both processes.

Lossless compression of high resolution images presents a unique set of challenges.
Although considerable research has been done on lossless compression of text, we find
that the usual techniques for text compression are not effective for lossless image com-
pression. All good methods for text compression found to date [7,9,45,79.80] involve
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some form of moderately high-order exact string matching. Images, however, are two-
dimensional, so the contexts are more complicated than for one-dimensional strings. In
addition, images are typically quantized analog data, and the exact matches needed for
high-order modeling are only rarely found in the data. Lempel and Ziv [40] have pre-
sented a method for two-dimensional dictionary based coding that uses a space-filling
curve for its pixel sequence, and Sheinwald, Lempel, and Ziv [68] give another dictio-
nary method that covers the image with repeated rectangles of various sizes. These
methods can be proven asymptotically optimal for images generated by finite state
sources, but their practical usefulness appears to be limited.

Our work on lossless data compression revolves around a paradigm we have devel-
oped [26] that separates the process into the following four components:

o Pixel sequence. Careful selection of the pixel processing order can permit pro-
gressive compression, parallel computation, and improved compression efficiency.

e Prediction. Accurate prediction of pixel values based on the values of previously
coded pixels allows us to encode only the prediction errors, leading to a great
saving of code length. Predictive coding is the basis for almost all lossless image
compression techniques.

e Error modeling. Precise characterization of the errors inherent in the prediction
process gives us a model that can be used effectively by a statistical coder.

e Statistical coding. Arithmetic coding allows us to obtain optimal average code
length; Huffman coding and quasi-arithmetic coding give almost optimal com-
pression with considerably faster running times. Golomb and Rice coding run
even faster while sacrificing only small amounts of compression efficiency.

In our methods, we obtain lossless image compression by iterating the four-step
coding process. We choose a pixel p (with intensity A,); we make a prediction P, of
the pixel’s intensity and compute the prediction error A, = A, — P,; then we model the
prediction error by estimating the parameters of the distribution from which it came;
finally we encode A, using the estimated distribution. We can then use the actual
intensity for predicting other pixels, since the decoder can reconstruct the actual value
from the prediction and the coded difference.

In our two high-compression methods the prediction is a linear combination of the
intensities of pixels whose intensities are already known. Our methods differ in the
sequence in which pixels are coded, the specific prediction function, and the method
of estimating variances. In Section 3.3, we describe our prediction by partial precision
matching method (PPPM), a context-based method with approximate matches. PPPM
encodes an image in raster-scan order, predicting with a two-point average; variance
estimation of each pixel is based on a context of nearby pixels, allowing for inexact
matches in a novel way. In Section 3.4 we describe our multi-level progressive method
(MLP). It uses a many-point interpolation function for prediction; a number of different
methods are available for variance estimation. PPPM gives compression similar to that
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of MLP, but it is not progressive. In Section 3.5 we take a different approach, combining
the prediction and error modeling steps in a fast raster-scan method, named FELICS,
for fast, efficient lossless image compression system.

Most of the output code length comes from the error encoding. We form a proba-
bilistic model for the errors and use arithmetic coding to encode the errors efficiently
with respect to the model. For good compression we want the model to assign as high
a probability as possible to the prediction error that actually occurs at each pixel.
To obtain this, first we need a good predictor, one whose errors have a small vari-
ance so that only a few error values are likely and the probability of each is high. In
addition, we need a good model for the errors, so that the arithmetic coder is using
realistic probabilities. Prediction errors for images have traditionally been considered
to be distributed according to a Laplace distribution with zero mean, although we
show in Section 3.4.2 that this assumption is not always valid. To obtain a realistic
model based on Laplace distributions we need a good estimate of the variance of the
errors. Too high a variance allocates too much probability (and code space) to large,
unlikely errors, while too low an estimate assigns too little probability to errors that
actually occur. For each pixel we estimate the variance and choose one of a number of
precomputed Laplace distributions.

To keep the code length short, we prefer that the error modeling be done implicitly,
with no need to transmit side information about the models used. Of course, any
computations used in modeling the error for encoding must be computable by the
decoder as well.

3.2 Error modeling and coding

It has long been accepted that, for most images, prediction errors can be closely ap-
proximated by a Laplace (or symmetric exponential) distribution [24,34,47,48]. In
particular, the distribution of prediction errors is sharply peaked at zero, which is
characteristic of the Laplace distribution but not of the normal distribution (see Fig-
ure 3.1).

For our prediction methods, we similarly find that prediction errors closely follow
the Laplace distribution, at least on an image-wide basis. The probability density

2

function of the Laplace distribution with mean g and variance o is given by

foa () = ﬂ%p (—@ o — M) .

We assume that ¢ = 0, and we define the discrete probability mass function by

) — /k+1/2 1 {2 d 3.1
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We can use the usual entropy formula to compute the average code length H (in bits

per pixel) required to optimally encode a sequence of random variates taken from a
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Figure 3.1: Comparison of Laplace and normal distributions, o = 5.

Laplace distribution with mean 0 and variance o

H =Y —py,(k) log, p, (k). (3.2)

If we use probabilities computed from Equation (3.1) to encode random variates from a
Laplace distribution with variance o? # o2, the average code length will be longer than
the ideal code length, but if the variances are close, the extra code length will be small.
The actual average code length L obtained by using a discrete Laplace distribution
with mean 0 and variance o? to encode random variates from a Laplace distribution

with mean 0 and variance of is given by

L =7 —py(k) log, pe (k). (3.3)

By appropriate coder design using Equations (3.2) and (3.3), we can place a limit on
the average extra code length.

3.2.1 Precomputation of the distributions

For maximum compression we will use arithmetic coding. We wish to obtain probabil-
ities to pass to the arithmetic coder without excessive computation. To this end, we
select a closely-spaced set of variances, with the idea of encoding a prediction error by
using the closest variance from the set. We use Equation (3.1) to compute the Laplace
distribution probabilities corresponding to each variance, and build these variances and
distributions into both the encoder and the decoder. By careful choice of the set of
variances, we can guarantee that the average extra code length due to using an ap-
proximate variance will always be less than any given amount. Only 37 variances and
distributions are needed to ensure that the coding loss caused by the approximation is
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Variance Variance Variance Variance Variance Variance
Range Used Range Used Range Used

0.005-0.023 0.016 2.882— 4.053 3.422 165.814— 232.441 195.569
0.023 —0.043 0.033 4.053— 5.693 4.809 232.441—- 326.578 | 273.929
0.043 -0.070 0.056 5.693— 7.973 6.747 326.578— 459.143 | 384.722
0.070 —0.108 0.088 7.973— 11.170 9.443 459.143— 645.989 | 540.225
0.108 —0.162 0.133 11.170— 15.627 | 13.219 645.989— 910.442 | 759.147
0.162 -0.239 0.198 15.627— 21.874 | 18.488 910.442— 1285.348 | 1068.752
0.239 —0.348 0.290 21.874— 30.635 | 25.875 1285.348— 1816.634 | 1506.524
0.348 —0.502 0.419 30.635— 42.911 | 36.235 1816.634— 2574.021 | 2125.419
0.502-0.718 0.602 42.911- 60.123 | 50.715 2574.021- 3663.589 | 3007.133
0.718 —1.023 0.859 60.123— 84.237 | 71.021 3663.589— 5224.801 | 4267.734
1.023 —1.450 1.221 84.237-118.157 | 99.506 5224.801— 7247.452 | 6070.918
1.450-2.046 1.726 118.157-165.814 | 139.489 7247.452—-10195.990 | 8550.934
2.046 — 2.882 2.433

Table 3.1: Laplace distribution variances to guarantee coding loss of less than 0.005
bit per pixel.

less than 0.005 bit per pixel, a barely measurable quantity. The variances and variance
ranges are listed in Table 3.1. Note that exactly the same procedure can be used for
normal distributions as well as other distributions in the generalized symmetric expo-
nential family described in Section 3.4.2. The idea of a limited number of variances is
similar in spirit to the e-partition idea of Section 2.2.

Fzample: To encode a prediction error when we estimate that 0% = 2, we use the 12th
line of Table 3.1 (highlighted in bold face), since 1.450 < 2 < 2.046; thus we use the
precomputed Laplace distribution with ¢ = 1.726. The optimal average code length
for Laplace random variates with o? = 2 is 2.484 bits per sample; by using the discrete
Laplace distribution with o = 1.726 we achieve an average code length of 2.488 bits
per sample, within 0.004 bits per sample of the optimal length. a

3.2.2 Coding the error

Once we have prepared the probability distributions, arithmetic coding allows us to do
the coding without difficulty. Given any discrete probability distribution, we can use
arithmetic coding to encode random variates from that distribution with an average
code length almost exactly equal to the entropy of the distribution, Y=, —px log, p;
the extra code length introduced in the coding process is provably small, as shown in
Section 2.1.4. Unlike Huffman coding, arithmetic coding performs well even when one
of the probabilities is close to 1.

To encode a prediction error A, (presumed to be a random variate from a Laplace
distribution with zero mean and a given estimated variance), we select the “nearest”
distribution according to Table 3.1, that is, the one that minimizes the average extra
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Figure 3.2: PPPM prediction and variance estimation contexts. When PPPM, pro-
ceeding in raster scan order, reaches the pixel marked [, the pixel values at all the
circled points (marked O, ®, and ©) are known. The intensity values of two pixels
indicated by @ are used to predict the value of the [ pixel, and the prediction errors
at the four pixels marked ®@ and © are used to estimate the variance to be used for
encoding the prediction error.

code length. We then simply use arithmetic coding to encode A, according to the
distribution selected.

3.3 PPPM: prediction by partial precision
matching

The success of high-order, context-based methods for text compression naturally leads
us to consider similar ideas for lossless image compression. We present a method similar
in spirit to the prediction by partial matching method (PPM) of Cleary and Witten
[7], but with a significant difference. PPM encodes each input symbol using the longest
context in which the symbol has already occurred, up to a specified maximum length.
For image compression this method as presented is not completely satistactory: the
main problem is that the exactly-repeated strings that make text compression possible
are not present in images. Our solution is a new way of detecting approximate two-
dimensional matches, eminently suited for image compression. We call this method
prediction by partial precision matching, or PPPM.

PPPM encodes an image in raster-scan order. We separate the coding process into
prediction, variance estimation, and error coding. For prediction we use a simple linear
combination of a few nearby pixels. For variance estimation we attempt to make use of
previous occurrences of the current context; however, instead of trying to maximize the
size of the matching context as in PPM, we use a small, fixed-size context and focus on
the closeness of the match. If we fail to find enough previous occurrences of the exact
current context, we relax the exactness constraint, ignoring the least significant bit of
each of the context pixels. If we still cannot find a match, we ignore the next significant
bits until we finally find an approximate “context” that has occurred enough times; we
use the statistics of that context to estimate the variance.

The prediction context and the variance estimation contexts need not be the same.
In our implementation (see Figure 3.2) we use two pixels for prediction, the one imme-
diately above and the one immediately to the left of the pixel being coded; the context
consists of the intensity values of the predicting pixels. For variance estimation we
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use a four-pixel BP-shaped neighborhood consisting of the three pixels above and the
one immediately to the left of the pixel being coded; the context consists of the errors
previously made in predicting the values of the pixels.

It is possible to use four or even eight surrounding pixels for prediction. If this
is done for each pixel, we can reconstruct the image exactly if we are given the raw
intensity value of just one pixel by solve a large set of sparse linear equations. How-
ever in practice this modification is difficult to implement because it requires careful
attention to numerical issues. In addition it requires significantly more computation
and achieves only marginally better compression.

3.3.1 Description of the PPPM algorithm

The encoding algorithm proceeds in raster-scan order. We encode each pixel p as
follows:

1. We make a prediction P, using the prediction context, and compute the prediction

error A, = A, — P,.
2. We repeat the following steps as many times as necessary to estimate the variance:
(a) We construct a key, based on the prediction errors of the pixels in the
variance estimation context.
(b) We search (using a hash table) for previous occurrences of the key.

(c) If we find enough previous occurrences, we use the error statistics of those
occurrences to obtain an estimated mean y, and variance o for the predic-
tion error of the pixel; we leave the variance-estimation loop.

(d) If we do not find enough previous occurrences, we drop one low-order bit
from the prediction errors of the pixels in the variance estimation context.

3. We encode A, — p,, as described in Section 3.2.
4. We update the statistics for one or more of the contexts just examined.

Decoding is very similar. We now examine the steps in more detail.

Prediction

In our current implementation, we predict a pixel’s intensity by the rounded arithmetic
mean of the intensities of the two pixels in the prediction context. At the top and
left edges we simply use a single pixel’s intensity. Our prediction in this method is
admittedly very simple; a more sophisticated extrapolation function would give reduced
error variances and improved compression. It does not suffice, however, simply to
average more nearby pixels: using the average of the four pixels in the HU-shaped
neighborhood gives worse compression than the two-pixel neighborhood that we use.
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Variance estimation

As noted above, we construct “contexts” of decreasing precision based on the previously
computed prediction errors of the four pixels in the variance estimation context. (We
could use intensity values, but in practice using error values works slightly better.)
Since we are using errors rather than intensities, we have to deal with negative values;
we use a signed-magnitude representation, the sign being associated with the most

significant nonzero bit.
Example: Using 8 “bits,

7 we represent —5 and +10 as follows:

-5 /10 0 0 0 0 "1 0 1
+10 | 0 0 0 0 *f1 0 1

a

We follow the procedure described above to find a context that has occurred enough
times to allow a satisfactory estimate of the variance of prediction errors made in that
context. In practice, a context’s statistics are unreliable until the context has occurred
10 or 15 times; we set the default threshold at 12. For the selected context we compute
the mean p, and the variance o) of its previous occurrences for use in the coding step.

Encoding the error

We adjust A, by subtracting p, to reflect the context’s mean prediction error, and we
encode the result as described in Section 3.2.

Updating the statistics

Each pixel occurs in a number of variance estimation “contexts” of different precisions.
Instead of updating each of them, we adopt a “lazy update” rule that saves time and
gives better variance estimates. After coding each pixel we update the statistics for at
most two contexts, the one used for coding and, if possible, the one with one additional
bit of precision.

3.4 MLP: a multi-level progressive method

Our second image coding method, the multi-level progressive method (MLP), has the
advantages that it is progressive and can be parallelized. By “progressive,” we mean
that the image is encoded in levels; the first level corresponds to a very highly com-
pressed and very lossy encoding, and each successive level provides more detail, until
ultimately the encoding is completely lossless. Truncating the encoded file will result
in lossy compression of the entire image, rather than exact compression of part of the
image. A progressive method allows an end user to browse an image without hav-
ing to decode much of the encoded data; if more detail is desired, the image can be
successively refined as more of the encoded data is decoded. An excellent survey of
progressive techniques appears in [71].
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Figure 3.3: MLP last level prediction neighborhood. Before MLP processes its last
level, the pixel values at the circled points (marked O and @) are known. The pixels
indicated by ® are used to predict the value of the pixel at the center, marked 1. All
unmarked pixels will also be predicted during the last level.

The prediction step of MLP can be done completely in parallel by the encoder,
and with a high degree of parallelism by the decoder; the coding step can be done in
parallel as described in Section 2.4.

We encode the file in a series of levels, each level including twice as many pixels as
the previous one. As we begin to encode each level, the pixels with known values are on
the lattice points of a square grid. Using only the values of pixels on the lattice points,
we predict the value of the pixel at the midpoint of each grid square, and encode the
prediction error. (The decoder can make the same prediction, and hence it can use the
decoded error to reconstruct the original value.) After all pixels in the level have been
encoded, the set of known pixels forms a checkerboard pattern; by rotating and scaling
the coordinate system we obtain a new square grid of pixels with known values, with
the distance between adjacent pixels only 1/v/2 as much as before. Figure 3.3 shows
the pixels involved in coding the last level.

Clearly the method is progressive: each level gives us the value of pixels selected
uniformly from the entire image. For example, just before encoding the last level, we
know the values of half the pixels of the image, in a checkerboard pattern over the
whole image. If we stopped the encoding at that point, the decoder could compute the
known pixels, and use the prediction function to interpolate the remaining pixels. In
practice, even interpolating after skipping the last two levels (*/; of the pixels in the
image) leaves us with an image virtually indistinguishable from the original.

The time-consuming step in this method is prediction (not arithmetic coding), and
the predictions are easy to parallelize. The set of predicting pixels for a given pixel is
fixed at the beginning of coding, so for encoding we could even use one processor per
pixel to predict in constant parallel time. Since the predictions made during decoding
depend on values obtained at earlier levels, only the pixels at a given level can be
predicted in parallel; the parallel prediction time for decoding an n x n image is still
small, proportional to the number of levels, 2log, n. The coding can be done in parallel
as described in Section 2.4.
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1 _9 _9 1
256 256 256 256
9 8L 81 9
256 256 256 256
9 8L 81 9
256 256 256 256
1 _9 _9 1
256 256 256 256

Table 3.2: Coefficients used in MLP for 16-point midpoint polynomial interpolation.

Precursors of MLP, which use much simpler predictors and less sophisticated vari-
ance estimation, are developed in [21,35,70]. A rotating coordinate system appears in

[14,64].

3.4.1 Description of the MLP algorithm

In the MLP algorithm, the pixels in an image are divided into levels, each level having
twice as many pixels as the preceding one. The pixels in a level are arranged in a
(possibly rotated) checkerboard pattern. Within a level we apply three operations to
each pixel:

1. We predict the pixel’s intensity based on the intensities of other nearby pix-
els known from earlier levels, and compute the prediction error (the difference
between the actual and predicted values).

2. We find an appropriate model for the prediction error, consisting of a probability
distribution and an estimated variance.

3. We encode the prediction error using the estimated model in conjunction with a
statistical coder, such as arithmetic coding.

Decoding is very similar.

For MLLP we have chosen a pixel sequence based on the rotating coordinate system.
That is, after all the pixels in a level have been coded, we rotate the coordinate system
by 45 degrees and scale it by a factor of 1/v/2. In practice we do this by alternating
between diagonal and axis-parallel coordinate systems, reducing the step size at each
level.

It is necessary to deal with startup and edge effects, when the points that should
be used as predictors are not present in the image. Because of the small number of
pixels involved, these effects have little practical significance. In our implementation we
simply take the prediction coefficients of missing points to be zero, and then renormalize
the remaining coefficients.
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Figure 3.4: Comparison of continuous Laplace distribution (o = 3.370) and the actual
distribution of prediction errors (shown by small diamonds) found during the last
level of application of method MLP to Band 4 of the Donaldsonville data set. The
actual values are virtually indistinguishable from the theoretical values, except when
the prediction error is 0; most of the difference in this case is because the curve is the
continuous Laplace distribution, not the discrete distribution.

Parallel prediction

The prediction step for a pixel involves computing a linear combination of the values
of a fixed constellation of nearby pixels whose values are already known. Clearly the
encoder, having access to all pixel intensities at the beginning of the computation, can
predict all values simultaneously; the decoder can make the same predictions, but only
level-by-level, since the predictions depend on values from preceding levels.

3.4.2 Error modeling by variability index
Simple variance estimation

There is considerable choice in the method of variance estimation. In theory, for
each pixel we can find the distribution that encodes the pixel’s error as compactly as
possible. For the Laplace distribution with mean 0, we find (by solving the equation
Ip,2(x)/d(c*) = 0) that the optimal variance is o = 2z?. Of course, this method is
not practical because of the large overhead of encoding the optimal variance for each
pixel. However, by optimally encoding the errors and ignoring the cost of encoding the
variances, we can obtain a reasonable lower bound on the attainable code length. This
lower bound applies to MLP for a given prediction function and for a particular image
file, and is based on the assumption that the errors follow the Laplace distribution, but
it does give a good indication of the compressibility of a particular image.

A more practical method of encoding the variances is to compute and encode the
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variance of all the errors at a given level; the overhead is minimal, only log, 37 ~ 5.21
bits per level. A refinement of this approach is to divide each level into blocks of k x k
pixels and compute and encode the variance of the errors of the pixels in each block.
The overhead increases with the number of blocks, but for medium-sized values of &
(say k = 16) the net code length is often reduced because of the more realistic error
model.

Modeling by variability index

In [29] we introduce the notion of error modeling by variability index, presenting and
motivating the algorithm. In this section we use the variability index both for error
modeling and as an experimental tool to show that prediction errors are not always
Laplace distributed, as previously assumed. We also indicate a family of distributions
that can provide more accurate error models. In our experiments we find that applica-
tion of the variability index algorithm to Laplace distributions leads to an improvement
in compression efficiency of about 4 percent compared with implementations with ex-
plicit transmission of variances; further refinement by allowing a wider family of error
distributions gives another half percent improvement.

Our goal is to estimate the local variance of the pixel prediction errors in a given
level of the MLP encoding. This will allow us to select the appropriate distribution (the
one with the estimated variance) to use in encoding each prediction error by arithmetic
coding. Using a single variance for the entire level disregards local variations in the
image; estimating and explicitly encoding variances for small sections of the image
incurs considerable overhead. It would seem that previously encountered prediction
errors of nearby pixels would be related to a given pixel’s error, but there is no obvious
way to use them directly.

We estimate the variance by an indirect method: for each pixel we compute a
variability index, a quantity with a strong correlation to the local variance. On the
supposition that pixels with similar variability index will have similar error models, we
adaptively estimate the local variance based on the variability index. The algorithm is
as follows:

1. We initialize the variance estimate V.

2. For each pixel, we compute the variability index.

3. We sort the pixels in variability index order.

4. For each pixel (in order of decreasing variability index):

(a) We code the prediction error d, using V as the variance.

(b) We use the prediction error d to update V. The variance is just the mean
squared error; our variance estimate is an exponentially weighted mean
squared error, computed by exponential smoothing:

Vi=f-V4(1—f) d
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Figure 3.5: Histograms showing distributions of prediction errors. The top row shows
the actual distributions of prediction errors for eight batches of 16,384 points each taken
from the last level of the coding of Band 4 of the Donaldsonville Thematic Mapper data
set. The variability index decreases from left to right. The second and third rows show
the discretized Laplace distributions and normal distributions with the same variances
as the actual data in the corresponding column. The horizontal lines are at intervals
of 10 percent probability; prediction errors from —20 to +20 are plotted.

Note that the variability index is used only for sorting the pixels, then discarded. We
use decreasing variability index order because compression efficiency is less dependent
on accurate variance estimates for large variances; hence we encode pixels with large
variances first in each level, before our variance estimate has stabilized. The sorting
step removes any natural ordering of the pixels, so both the encoder and the decoder
must maintain the pixel coordinates.

We have tried several different quantities for the variability index, including both
intensity values and prediction errors of pixel neighborhoods of various sizes. Empiri-
cally, the most effective is simply the variance of the four nearest pixels. The smoothing
parameter f must also be selected. Experiments show that the best results come from
a large value like 0.992; smaller values make the estimated variance too sensitive to
random fluctuations in the variability index.

Distribution Selection

When we code the pixels of a level in variability index order, we can plot histograms
of the error distributions for different values of the variability index. A typical set of
plots is shown in Figure 3.5. The error distributions are not always Laplacian; in fact,
for large variability index they appear closer to normal, but they become closer to the
Laplace distribution for smaller values of variability index.
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This leads us to consider a family of generalized symmetric exponential distribution
functions which includes both the Laplace distribution and the normal distribution.
Distributions in this family have the form

Fuole) = Zexp (=5.[2]). (3.4)

T
g
2

From the constraints on a probability distribution with variance ¢, we can find «,

and B,: » 2
=slrny) 4= (o)

For the Laplace distribution (n = 1), we have a; = 1/v/2 and 3; = v/2; for the normal
distribution (n = 2), we have a; = 1/v/27 and 8, = 1/2.

We can use these distributions to optimize the exponent n in Equation (3.4), either

image by image or for a class of images. The best values of n for our individual test
images range from 1.0 to 1.9, the best overall value being 1.25. For many of our test
images we obtain a further slight improvement when we vary the exponent within
each level; in our experiments we use a given starting exponent and reduce it linearly
toward 1 as we progress through each level. The improvement obtained by using a
non-Laplace distribution is about a half percent; the extra improvement obtained by
varying the exponent within a level is small, as is the improvement from selecting the
optimal exponent image by image.

It appears that the distributions we see are actually mixtures of normal or near-
normal distributions. High variability indices arise only from regions with high local
variance, so the mixture distribution contains contributions only from a small range
of distributions. Low variability indices, on the other hand, can come either from
regions with low local variance or from the (not unusual) occurrence of small deviates
from regions with high local variance. The resulting mixture has contributions from
many different distributions, and tends to be more peaked near zero; this gives the
characteristic Laplace distribution shape.

Parallel error modeling using the variability index technique

Error modeling is most effective when done implicitly. The variability index tech-
nique is an implicit method for estimating local image variances that leads to better
compression than any other published lossless image compression method. Like the
intensity prediction, the variability index computation depends only on the values of a
few nearby pixels, known from a previous level, so it can be done in parallel by both
encoder and decoder with no loss of efficiency. The assignment of variances to values
of the variability index can be done implicitly in a sequential environment, adaptively
estimating the variance while working through the pixels in order of variability index.
For parallel coding the use of side information is more appropriate: we can group the
pixels after sorting (sorting can be done efficiently in parallel), then compute the vari-
ance of each group and transmit it in coded form. Each variance requires only a few
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bits to transmit, typically four or fewer; if we divide each level of n pixels into \/n
groups, only about (v/2+1)m variances must be transmitted for an m x m image. For
a 512 x 512 image this amounts to 1236 variances, or only 618 bytes of side information.

The variability index technique has the effect of classifying pixels by local variance.
This translates roughly into a classification by code length, since distributions with
larger variances usually have larger average code length. Using this classification we can
assign pixels to processors in a way that divides the code length (not just the number
of pixels) approximately evenly among the processors, thus reducing the number of
pixel reallocations needed. The simulation results described in Section 2.4.1 confirm
the usefulness of this technique.

3.5 FELICS: a fast, efficient, lossless image
compression system

In [32] we present a simple system for lossless image compression that runs very fast
with only minimal loss of compression efficiency. We call this technique FELICS, for
Fast, Efficient, Lossless Image Compression System. We use raster-scan order, and
we use a pixel’s two nearest neighbors to directly obtain an approximate probability
distribution for its intensity, in effect combining the prediction and error modeling
steps. We use the parameter estimation technique of Section 2.3.3 to select the closest
of a set of error models, each corresponding to a Rice code. Finally we encode the
intensity using the Rice code. The resulting compressor runs about five times as
fast as an implementation of the lossless mode of the JPEG proposed standard while
obtaining slightly better compression on many images.

3.5.1 Description of the FELICS algorithm

Proceeding in raster-scan order, we code each new pixel P! using the intensities of the
two nearest neighbors of P that have already been coded; except along the top and
left edges, these are the pixel above and the pixel to the left of the new pixel. We call
the smaller neighboring value L and the larger value H, and we define A to be the
difference H — L. We treat A as the prediction context of P, used for code parameter
selection.

The idea of the coding algorithm is to use one bit to indicate whether P is in the
range from L to H, an additional bit if necessary to indicate whether it is above or
below the range, and a few bits, using a simple prefix code, to specify the exact value.
This method leads to good compression for two reasons: the two nearest neighbors
provide a good context for prediction, and the image model implied by the algorithm
closely matches the distributions found in real images. In addition, the method is very
fast, since the coding uses only single bits and simple prefix codes.

'With a slight abuse of notation, we use symbols P, H, L, N1, and N> to refer both to pixels and
to their intensity values.
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Figure 3.6: Schematic probability distribution of intensity values for a given context

A= H — L in FELICS.

Intensity distributions

When we examine the distribution of an image’s intensity values for each context A,
we find that the intensities are generally distributed as shown in Figure 3.6. Typically
P lies in the range [L, H] about half the time, requiring one bit to encode, and when
P is out of range, the above-range/below-range decision is symmetrical, so another
one-bit code is appropriate. In-range values of P are almost uniformly distributed,
with a slight crest near the middle of the range, so an adjusted binary encoding (as
described in Section 2.3) gives nearly optimal compression when P is in range. The
probability of out-of-range values falls off sharply, so when P is out of range it is
reasonable to use exponential prefix codes, i.e., Golomb codes or the simpler Rice codes.
This distribution clearly differs from the Laplace distribution commonly assumed in
predictive image coding. Franti [18] has applied the FELICS technique to the problem
of block truncation coding for lossy image compression; he finds that the distributions
of quantization levels of the sub-sample images are similar to the distributions described
here, and that the FELICS method is generally effective in encoding the quantization
levels.

Formal description of FELICS algorithm

To encode an image, we output the first two pixels without coding, then repeat the
following steps:

1. We select the next pixel P and find its two nearest neighbors Ny and Ns.
2. We compute L = min(Ny, N3), H = max(Ny, Ny), and A= H — L.
3. (a) If L < P < H, we useone bit to encode IN-RANGE; then we use an adjusted

binary code to encode P — L in [0, A].

(b) if P < L, we use one bit to encode OUT-OF-RANGE, and one bit to encode
BELOW-RANGE. Then we use a Rice code to encode the non-negative integer
L—P—1.
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(c) if P > H, we use one bit to encode OUT-OF-RANGE, and one bit to encode
ABOVE-RANGE. Then we use a Rice code to encode the non-negative integer
P — H — 1. The coding parameter k is chosen according to the method of
Section 2.3.3.

(d) We update the statistics used in selecting the Rice coding parameter.

The decoding algorithm involves simply reversing step 3, decoding the in-range/out-
of-range and above-range/below-range decisions, branching accordingly, and adjusting
the decoded numbers to obtain the value of P.

Implementation and refinements

The basic algorithm of Section 3.5.1 is very easy to implement. As described it encodes
and decodes very quickly and gives good compression. The implementation requires
very little memory, only enough to store one scan line of input data and a few counts
for each of the few hundred possible contexts.

In this section we describe several enhancements that can be made to improve speed
and compression. One possibility is to freeze the parameter choice for a context after
a number of symbols have been encoded. This saves the time needed to maintain the
cumulative counts, and does not hurt compression much since in practice the parameter
selection algorithm converges quickly to the best value.

A second enhancement is to adjust the range [L, H] when L = H. In this special
case, the in-range probability tends to be somewhat smaller than '/, and it makes
sense to use the range [L.— 1, H +1]. We can do this either unconditionally or based on
the number of times that the value to be encoded is equal to L (and H) when A = 0.
We choose the second possibility, adjusting the interval when the values encoded have
fallen out of the one-value “range” more than %3 of the time. We might also consider
balance coding, adjusting the range for each context to adaptively balance the in-range
and out-of-range probabilities. We can use the parameter estimation algorithm of
Section 2.3.3 to choose the amount of adjustment.

One final useful refinement is to assign a small initial penalty to the cumulative code
lengths for small values of the parameter & in each context, to prevent their accidental
use in contexts where the probability distribution is flat; such use can greatly increase
the code length for a single pixel.

We have considered periodic count scaling to exploit locality of reference within an
image. We tried applying it to the cumulative code lengths in each context. Halving
all code lengths when the smallest one reaches 1024 can improve compression by up
to 0.3 percent, but encoding time increases by about 10 percent, too much of a time
penalty to pay for such a small increase in compression.

Finally, we note that Golomb coding gives only a marginal improvement over Rice
coding despite the wider range of model parameters available. The extra compression
is typically less than one percent, and the time required almost doubles because of the
need to maintain cumulative bit counts for more possible parameter values. Therefore
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Donaldsonville, Louisiana Ridgely, Maryland

Figure 3.7: A 256 x 256 section of Band 4 of each Landsat Thematic Mapper data set.

we use Rice coding in our implementation. In practice, it is seldom necessary to allow
any value of the Rice coding parameter k£ other than 0, 1, 2, or 3.

Extension to progressive coding

FELICS is based on a raster-scan pixel sequence. We expect in the future to extend
the FELICS system to a hierarchical pixel sequence as in the MLP method, to allow
progressive coding. Before committing to a particular prediction method, it is necessary
to study the actual distributions of intensity values. One possibility is to use the
smallest and largest of the current pixel’s four nearest neighbors, but the resulting
distributions must be tested.

3.6 Experimental results

The 28 images comprising our test data include 21 Landsat Thematic Mapper images
and seven other images (the “USC images”) widely used in compression studies. There
are three Landsat data sets, each consisting of seven images (spectral bands); the
locations are Washington, D.C., Donaldsonville, Louisiana (90 kilometers west of New
Orleans), and Ridgely, Maryland (70 kilometers southeast of Baltimore). Bands 1
through 7 of the Washington data are identified as W1 through W7; the Donaldsonville
and Ridgely images are identified as D1 through D7 and R1 through RT respectively.
Each band is coded independently of the other bands; we do not attempt to make use
of the correlation between bands in a data set. All images consist of 512 x 512 8-bit
grayscale pixels except the Ridgely images, which are 368 x 468 pixels. Each of the
Landsat data sets contains one highly compressible image (compressible to better than
8 : 1) and six “normal” images. Portions of three of the Landsat images are shown in

Figure 3.7.
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3.6.1 Compression performance

We compare our results with the lossless mode of the standard for image compression re-
cently developed by the Joint Photographic Experts Group (JPEG) of the CCITT/ISO.
The JPEG lossless mode is based on prediction by one, two, or three points, followed
by Huffman coding or arithmetic coding; encoding proceeds in raster scan order. The
standard gives some latitude to implementors; we report results from an implementa-
tion based on two-point prediction with arithmetic coding®. For all except the three
highly compressible images, two-point prediction provides 43 to 103 more compression
gain than three-point prediction.

We include results for the Minimax coder, AT&T’s original lossless compression sub-
mission to the JPEG; it seems to give somewhat better compression performance than
JPEG lossless mode. As a matter of interest we include the UNIX compress program,
although it generally does poorly on images; most of its compression is attributable to
its ability to capture the context-independent entropy of any file.

As for our methods, we give results for the PPPM method, using two-point predic-
tion. We report results for just one version of the MLP algorithm, the one that uses
variability index modeling, using Equation (3.4) with n starting at 1.5 in each level,
falling to n = 1 (Laplace) by the end of each level. As noted in Section 3.4.2, there
is only a small improvement when we optimize n for each image or vary the exponent
within each level. Optimizing for each image requires compressing each image many
times, so we omit that step in our reported results; varying the exponent within each
level is a simple procedure that does improve compression slightly, so we include that
step. For the FELICS method we include freezing when the smallest code length for
a context reaches 1024, we adjust the range when A = 0, and we assign small initial
penalties to the cumulative counts for small parameter values. The refinements do not
have much effect on compression, but they increase throughput by roughly 5 to 20
percent.

We present our results in three tables. Table 3.3 gives the compression gains (in
percent log ratio) with respect to the lossless mode of the JPEG proposed standard. We
also give the same results in terms of the more familiar compression ratio in Table 3.4,
and in bits per pixel in Table 3.5. Results are unavailable for the Minimax coder and

PPPM for the USC images.

3.6.2 Speed performance of FELICS

We give more detailed results for the FELICS algorithm to show that it increases
throughput without degrading compression by much. All runs were made on a Sun
SPARCstation 1GX.

In Table 3.6 we see that except for the three highly compressible images, FELICS
compresses as well as JPEG lossless mode, with about five times the throughput.

? Assistance in the evaluation of JPEG lossless mode was provided by Allan R. Moser of E. I. duPont
de Nemours and Company (Inc.).



66 CHAPTER 3. LOSSLESS IMAGE COMPRESSION

Image JPEG Minimax  compress PPPM  MLP  FELICS
W1 — 3.6 —19.9 5.3 6.3 1.2
W2 — 3.4 —18.9 4.4 5.8 —1.4
W3 — 3.5 —17.2 5.8 6.6 1.2
W4 — 4.0 —21.6 6.4 6.7 1.1
W5 — 3.6 —22.6 6.4 6.7 0.9
W6 — 2.0 —39.1 —8.0 20.7 —47.6
W1 — 3.5 —21.2 5.2 6.3 0.9
D1 — 3.2 —23.5 5.8 6.4 1.4
D2 — 2.8 —26.6 3.6 5.2 -7.9
D3 — 2.7 —26.1 6.1 5.4 —4.2
D4 — 3.2 —32.1 8.4 7.1 0.5
D5 — 2.8 —30.6 8.0 6.8 1.0
D6 — 1.1 —41.0 —7.5 19.6 —55.4
D7 — 2.7 —27.3 6.5 6.5 0.4
R1 — 4.5 —24.3 5.5 7.6 2.8
R2 — 4.4 —26.0 4.3 7.8 —3.6
R3 — 4.1 —27.7 5.6 8.1 0.5
R4 — 4.1 —23.8 6.5 8.0 1.8
R5 — 3.7 —28.3 7.5 8.3 3.1
R6 — 3.7 —27.3 6.4 8.0 2.4
R7 — 5.5 —30.1 —5.7 16.5 —39.4
couple — — —27.4 — 6.3 4.0
crowd - — —35.4 — 8.3 —4.0
lax - — —23.5 — 5.3 2.9
lena - - —41.8 — 9.4 —0.4
man - — —35.2 — 6.7 1.9
woman] — — —19.2 — 5.9 1.9
woman?2 — — —48.8 — 9.2 —2.4

Table 3.3: Compression gains for images, expressed in percent log ratio and compared

with the JPEG lossless mode.
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Image JPEG Minimax compress PPPM MLP  FELICS
Wil 2.07 2.15 1.70 2.18 2.21 2.10
W2 2.67 2.76 2.21 2.79 2.83 2.63
W3 2.28 2.36 1.92 2.42 2.44 2.31
W4 1.81 1.88 1.46 1.93 1.93 1.83
W5 1.68 1.74 1.34 1.79 1.80 1.70
W6 7.92 8.08 5.36 7.31 9.74 4.92
Wi 2.10 2.17 1.70 2.21 2.23 2.12
D1 2.26 2.34 1.79 2.40 2.41 2.29
D2 3.07 3.16 2.36 3.19 3.24 2.84
D3 2.58 2.65 1.99 2.74 2.72 2.47
D4 1.85 1.91 1.34 2.01 1.98 1.86
D5 1.82 1.87 1.34 1.97 1.95 1.84
D6 9.25 9.35 6.14 8.58 11.25 5.32
D7 2.17 2.23 1.65 2.31 2.31 2.18
R1 2.28 2.38 1.79 2.41 2.46 2.34
R2 2.94 3.07 2.26 3.06 3.17 2.83
R3 2.45 2.56 1.86 2.60 2.66 2.47
R4 2.24 2.33 1.76 2.39 2.42 2.28
R5 1.78 1.85 1.34 1.92 1.94 1.84
R6 2.08 2.15 1.58 2.21 2.25 2.13
R7 7.43 7.85 5.50 7.02 8.76 5.01

couple 1.54 — 1.17 — 1.64 1.61

crowd 1.87 — 1.31 — 2.03 1.79
lax 1.31 — 1.04 — 1.38 1.35
lena 1.72 — 1.14 — 1.89 1.72
man 1.64 — 1.15 — 1.75 1.67

woman 1 1.58 — 1.30 — 1.67 1.61
woman2 2.28 — 1.40 — 2.50 2.23

Table 3.4: Compression ratios for images, expressed as original image size divided by
compressed file size.
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Image JPEG Minimax  compress PPPM  MLP FELICS
Wil 3.86 3.73 4.71 3.66 3.63 3.82
W2 2.99 2.89 3.62 2.86 2.83 3.04
W3 3.51 3.39 4.17 3.31 3.28 3.47
W4 4.42 4.25 5.48 4.15 4.13 4.37
W5 4.76 4.59 5.97 4.47 4.46 4.72
W6 1.01 0.99 1.49 1.09 0.82 1.63
Wi 3.82 3.68 4.72 3.62 3.58 3.78
D1 3.54 3.43 4.48 3.34 3.32 3.49
D2 2.60 2.53 3.39 2.51 2.47 2.82
D3 3.10 3.02 4.02 2.92 2.94 3.23
D4 4.33 4.20 5.98 3.98 4.04 4.31
D5 4.40 4.28 5.97 4.06 4.11 4.36
D6 0.87 0.86 1.30 0.93 0.71 1.50
D7 3.69 3.59 4.85 3.46 3.46 3.67
R1 3.51 3.36 4.48 3.32 3.25 3.41
R2 2.73 2.61 3.54 2.61 2.52 2.82
R3 3.26 3.13 4.30 3.08 3.01 3.24
R4 3.58 3.43 4.54 3.35 3.30 3.51
R5 4.48 4.32 5.95 4.16 4.13 4.35
R6 3.86 3.71 5.07 3.62 3.56 3.76
R7 1.08 1.02 1.46 1.14 0.91 1.60

couple 5.19 — 6.82 — 4.87 4.98

crowd 4.28 — 6.11 — 3.94 4.46
lax 6.11 — 7.73 — 5.80 5.94
lena 4.64 — 7.05 — 4.23 4.66
man 4.88 — 6.95 — 4.57 4.80

woman 1 5.07 — 6.14 — 4.80 4.97
woman? 3.50 — 5.71 — 3.19 3.59

Table 3.5: Average code lengths for images, expressed in bits per pixel.
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Compressed size Encoding throughput
FELICS FELICS
Plain Adjusted JPEG  compress Plain  Adjusted JPEG  compress

Wil 2.10 2.10 2.07 1.70 78.5 87.7 16.3 93.6
W2 2.63 2.63 2.67 2.21 87.1 92.6 21.0 93.6
W3 2.31 2.31 2.28 1.92 82.2 90.1 17.8 77.1
W4 1.83 1.83 1.81 1.46 75.8 85.4 14.2 70.8
W5 1.70 1.70 1.68 1.34 73.6 83.5 13.2 70.8
W6 3.78 4.92 7.92 5.36 107.9 98.6 48.5 163.8
Wi 2.11 2.12 2.10 1.70 79.0 87.7 16.5 63.9
D1 2.30 2.29 2.26 1.79 81.7 90.7 17.7 84.6
D2 2.84 2.84 3.07 2.36 92.6 93.0 23.6 100.8
D3 2.47 2.47 2.58 1.99 87.7 90.1 20.0 79.4
D4 1.86 1.86 1.85 1.34 76.9 84.6 14.6 81.9
D5 1.84 1.84 1.82 1.34 77.6 85.1 14.4 84.6
D6 3.84 5.32 9.25 6.14 107.0 98.2 53.5 154.2
D7 2.18 2.18 2.17 1.65 81.2 88.9 17.1 69.0
R1 2.34 2.34 2.28 1.79 80.9 89.2 17.9 101.3
R2 2.83 2.83 2.94 2.26 90.6 93.6 22.7 107.6
R3 2.47 2.47 2.45 1.86 86.1 90.6 19.4 95.7
R4 2.28 2.28 2.24 1.76 82.8 87.4 17.8 90.6
R5 1.84 1.84 1.78 1.34 76.2 80.9 14.0 71.8
R6 2.13 2.13 2.08 1.58 79.7 85.7 16.4 74.9
R7 3.82 5.01 7.43 5.50 105.0 97.9 46.5 143.5
couple | 1.61 1.61 1.54 1.17 74.9 84.6 12.2 84.6
crowd | 1.80 1.79 1.87 1.31 79.4 86.2 14.8 87.4
lax 1.35 1.35 1.31 1.04 68.4 79.9 10.4 61.0
lena 1.75 1.72 1.72 1.14 73.4 83.8 13.9 81.9
man 1.68 1.67 1.64 1.15 75.1 84.6 13.2 77.1
womanl | 1.62 1.61 1.58 1.30 74.3 83.8 12.7 72.8
woman?2 | 2.23 2.23 2.28 1.40 82.2 89.8 18.1 72.8

Table 3.6: Image compression ratios and encoding throughput. The compression ratios
are expressed as original size divided by compressed size. The encoding throughput is
expressed as thousands of pixels encoded per second on a SPARCstation 1GX.
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In fact, FELICS is about as fast as compress, and gives much better compression,
not surprising since compress is designed for text, not images. The “plain” FELICS
figures refer to a version with none of the refinements mentioned in Section 3.5.1; the
“adjusted” FELICS figures include freezing when the smallest code length for a context
reaches 1024, adjusting the range when A = 0, and assigning small initial penalties to
the cumulative counts for small parameter values. Note that the refinements seldom
have much effect on compression, and they increase throughput by roughly 5 to 20
percent.
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TEXT COMPRESSION

IN TEXT COMPRESSION, we usually would like to compress files using just a single
pass of the data, gathering statistics as we go. Such a modeling system is called
adaptive. In Section 4.1 we discuss adaptive and semi-adaptive (two-pass) models, and
show that in a certain sense they are equivalent. In Section 4.2 we discuss scaling, a
method for improving compression by utilizing locality of reference. In Section 4.2.1
we give a detailed analysis showing that scaling can improve compression considerably,
and can never hurt compression by very much. In Section 4.3 we discuss the Prediction
by Partial Matching (PPM) method of Cleary and Witten [7], and in Section 4.3.2 we
present a practical improvement to PPMC, the preferred text compression program
in the literature. In Section 4.4 we present a fast PPM-like text compression system
based on the use of prefix codes and quasi-arithmetic coding.

4.1 Adaptive and semi-adaptive models for text
compression

In this section we show the relationship between semi-adaptive and adaptive models
based on a zero-order Markov model, that is, context-independent symbol counts.

4.1.1 Semi-adaptive codes

Semi-adaptive codes are conceptually simple, and useful when real-time operation is
not required; their main drawback is that they require knowledge of the file statistics
prior to encoding. Statistics collected during the first pass over the file are normally
used in a static code; that is, the probabilities used to encode the file remain the same
during the entire encoding. It is possible to obtain better compression by using a
decrementing code, dynamically adjusting the probabilities to reflect the statistics of
just that part of the file not yet coded. Assuming that encoding uses exact arithmetic,
and that there are no computational artifacts, we can use the file statistics to form a

71
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static probabilistic model. Not including the cost of transmitting the model, the code
length Lgg for a static semi-adaptive code is

LSS = —10g2 H(Cz/t)cl
=1

= tlogyt — Y cilog, ¢,

=1

the information content of the file. Dividing by the file length gives the self-entropy of
the file.

Example 1/: We illustrate a static code, encoding the eight-symbol file abacbeba. Based
on exact symbol counts within the file, we have probabilities p, = %k, p» = %k, and
p. = Y1, which we use during the entire encoding. (We ignore the problem of indicating
the end of the file.) In the next few examples we show symbol probabilities rather than
subintervals, because the changing probabilities are the distinctive feature of adaptive
models.

Symbol Current Interval Pa Db Pe

Start | 0.000000000 1.000000000 | %s 3% s

0.000000000  0.375000000 | 3% % %
0.140625000 0.281250000 | % % %
0.140625000 0.193359375 | 3% %% %
0.180175781 0.193359375 | % %% %
0.185119629 0.190063477 | % %% %
0.188827515  0.190063477 | 3% %% %
0.189291000 0.189754486 | % % %
0.189291000 0.189464808 | % %% %

Q ot >0 2 o R

The final interval is [0.00110 00001 11011,0.00110 00010 00000] in binary. The
theoretical code length is —log, 0.000173808 =~ 12.490 bits. The actual code length is
13 bits, since the final subinterval can be determined from the output 00110 00001
111. O

It we know a file’s exact statistics ahead of time, we can get improved compression
by using a decrementing code. We modify the symbol weights dynamically (by decre-
menting each symbol’s weight each time it is encoded) to reflect symbol frequencies for
just that part of the file not yet encoded; hence for each symbol we always use the best
available estimates of the next-symbol probabilities. In a sense, it is a misnomer to
call this a “semi-adaptive” model since the model adapts throughout the second pass,
but we apply the term here since the symbol probability estimates are based primarily
on the first pass. The decrementing count idea appears in the analysis of enumerative
codes by Cleary and Witten [8] and also in [42]. The code length for a semi-adaptive
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decrementing code is

Lsp = —log, ((li ci!) /t!) . (4.1)

Example 15: We illustrate a decrementing code with the same file as in Example 14.
Again we start with probabilities p, = %k, p, = %k, and p. = !4, but during encoding
the probabilities change.

Symbol Current Interval Pa Db Pe

Start | 0.000000000 1.000000000 | %s 3% s

0.000000000  0.375000000 | %, 3 %
0.107142857 0.267857143 | %5 %5 %
0.107142857  0.160714286 | Y5 %5 ¥
0.139285714  0.160714286 | Y %y Y,
0.144642857 0.155357143 | Y5 Y5 Ys
0.151785714  0.155357143 | Yo Yo %
0.153571429  0.155357143 | 4 % %
0.153571429  0.155357143 | % % %

Q o >0 2 o R

The final interval is [0.00100 11101 01000,0.00100 11111 00011] in binary. The the-
oretical code length is —log, 0.001785714 ~ 9.129 bits, considerably shorter than in
Example 14, because the probabilities used at each point reflect the actual frequencies
of the symbols in just the remaining portion of the file, not the entire file. The actual

code length is 10 bits, since the final subinterval can be determined from the output
00100 11110. O

In the following simple theorem we show that a decrementing code improves on the
corresponding semi-adaptive static code:

Theorem 8 For all input files, the code length of a semi-adaptive decrementing code
is at most that of a semi-adaptive static code. Equality holds only when the file consists
of repeated occurrences of a single letter.

Proof: Neither Lss nor Lsp depends on the order in which the symbols appear in the
file, so we can inductively build up a file with the same code length as any given file by
starting with one occurrence of each symbol, then adding the remaining occurrences of
each symbol. We show that the inequality holds for files with one occurrence of each
symbol, and that adding occurrences of any symbol maintains the inequality.

Using a superscript “1” to denote a file consisting of exactly one occurrence of each
of k symbols, we see that Lis = —log,(1/k*) and LY, = —log,(1/k!). Since k* > k!
for all k > 2, we have Lgg > L, for k> 2. If we have a file with ¢ symbols in it and
we add another occurrence of a symbol that already occurs ¢ times, we increase Lgg
by log,(((t 4+ 1)/t)") —log,(((c+1)/¢)¢) +logy((t+1)/(c+ 1)), and we increase Lsp by
log,((t+ 1)/(c+1)). Since t > ¢ and log,(((«# 4+ 1)/x)") is an increasing function for
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x > 0, we have log,(((t + 1)/t)") > log,(((c + 1)/¢)¢), so Lss increases by more than
Lsp.

Finally, if £ = 1 (the file consists of repeated occurrences of a single letter), Lss =
Lsp = 0. O

Static semi-adaptive codes have been widely used in conjunction with Huffman
coding. They are appropriate in this case: in Huffman coding we wish to avoid changing
weights since changing weights often requires changing the structure of the coding tree.
Our theorem does not contradict Shannon’s theorem [67]; he discusses only the best
static code.

Encoding the model

It we assume that all symbol distributions are equally likely for a given file length ,
the cost of transmitting the exact model statistics is

Ly = logy(number of possible distributions)
t+n—1
= 1 4.2
083 ( n—1 ) (4.2)

~ nlogy(et/n).

Fzample: For our short sample file, { = 8 and n = 3, so Ly = log, (120) = log, 45 ~
5.492. 0

A similar result appears in [4] and [8]. For a typical file Ly is only about 2560
bits, or 320 bytes. The assumption of equally-likely distributions is not very good for
text files; in practice we can reduce the cost of encoding the model by 50 percent or
more by encoding each of the counts using a suitable encoding of the integers, such as
Fibonacci coding [17].

Strictly speaking we must also encode the file length ¢ before encoding the model;
the cost is insignificant, between log, ¢ and 2log, ¢ bits using an appropriate encoding

of integers [13,69,75].

4.1.2 Adaptive codes

Adaptive codes use a continually changing model, in which we use the frequency of
each symbol up to a given point in the file as an estimate of its probability at that
point.

We can encode a symbol using arithmetic coding only if its probability is nonzero,
but in an adaptive code we have no way of estimating the probability of a symbol
before it has occurred for the first time. This is the zero-frequency problem, discussed
in detail in [4] and [76]. For large files with small alphabets and simple models, all
solutions to this problem give roughly the same compression. In this section we adopt
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the solution used in [77], simply assigning an initial weight of 1 to all alphabet symbols.
The code length using this adaptive code is

L4 = —log, ((li ci!) /nf) : (4.3)

FExample 16: Once again we encode the same file, starting with counts ¢, = 1, ¢, = 1,
and c. = 1.

Symbol Current Interval Pa  Pb Pe

Start | 0.000000000 1.000000000 | Y5 Y5 s

0.000000000 0.333333333 | % Y% Y
0.166666667  0.250000000 | %5 %5 s
0.166666667  0.200000000 | %% % s
0.194444444  0.200000000 | %, % %
0.196825397 0.198412698 | %6 %5 s
0.198015873  0.198412698 | %% %6 %
0.198148148  0.198280423 | %10 Yo ho
0.198148148  0.198187831 | Y11 %1 /i

The final interval is [0.00110 01010 11100 11101,0.00110 01010 11110 00111] in
binary. The theoretical code length is —log, 0.000039683 ~ 14.621 bits, 5.492 bits
longer than in Example 15; the difference is exactly the cost of sending the model that
we found in Example 4.1.1. The actual code length is 15 bits, since the final subinterval
can be determined from the output 00110 01010 11101. a

QL O O Qo R

In the following theorem we compare context-free coding using a two-pass method
and a one-pass adaptive method. In the two-pass method, the exact symbol counts are
encoded after the first pass; during the second pass each symbol’s count is decremented
whenever it occurs, so at each point the relative counts reflect the correct symbol
probabilities for the remainder of the file. In the one-pass adaptive method, all symbols
are given initial counts of 1; we add 1 to a symbol’s count whenever it occurs.

Theorem 9 For all input files, the adaptive code with initial 1-weights gives the same
code length as the semi-adaptive decrementing code in which the input model is encoded
based on the assumption that all symbol distributions are equally likely. In other words,

La=Lsp+ Lu.
Proof: Combine Equations (4.1), (4.2), and (4.3), noting that (H'”_l) = nl/t. O

n—1

Cleary and Witten [8] and Bell, Cleary, and Witten [4] present a similar result in a
more general setting, showing approximate equality between enumerative codes (which
are similar to arithmetic codes) and adaptive codes. Our result applies to a specific
method of dealing with the first occurrence of each symbol; we show exact equality
in that important special case. Intuitively, the reason for the equality is that in the
adaptive code, the cost of “learning” the model is not avoided, but merely spread over
the entire file.
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4.1.3 Adaptive codes in practice

The simplest adaptive models do not rely on contexts for conditioning probabilities; a
symbol’s probability is just its relative frequency in the part of the file already coded.
The average code length per input symbol of a file encoded using such a zero-order
adaptive model is very close to the zero-order entropy of the file. We shall see that
adaptive compression can be improved by taking advantage of locality of reference and
especially by using higher order models.

4.2 Scaling

One problem with maintaining symbol counts is that the counts can become arbitrarily
large, requiring increased precision arithmetic in the coder and more memory to store
the counts themselves. By periodically reducing all symbol’s counts by the same factor,
we can keep the relative frequencies approximately the same while using only a fixed
amount of storage for each count. This process is called scaling. It allows us to use lower
precision arithmetic, possibly hurting compression because of the reduced accuracy of
the model. On the other hand, it introduces a locality of reference (or recency) effect,
which often improves compression when the distribution of symbols is variable. We
now discuss and quantify the locality effect.

In most text files we find that most of the occurrences of at least some words are
clustered in one part of the file. We can take advantage of this locality by assigning
more weight to recent occurrences of a symbol in an adaptive model. In practice there
are several ways to do this:

o Periodically restarting the model. This often discards too much information to
be effective, although Cormack and Horspool find that it gives good results when
growing large dynamic Markov models [9].

e Using a sliding window on the text [36]. This requires excessive computational
resources.

e Recency rank coding [5,12,66]. This is simple but corresponds to a rather coarse
model of recency.

e Exponential aging (giving exponentially increasing weights to successive symbols)
[10,46]. This is moderately difficult to implement because of the changing weight
increments.

e Periodic scaling [77]. This is simple to implement, fast and effective in operation,
and amenable to analysis. It also has the computationally desirable property
of keeping the symbol weights small. In effect, scaling is a practical version of
exponential aging.

In our discussion of scaling, we assume that a file is divided into blocks of length B.
Our model assumes that at the end of each block, the weights for all symbols are
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multiplied by a scaling factor f, usually '4. Within a block we update the symbol

weights by adding 1 for each occurrence.

Frample 17: We encode the same file as in Examples 14 through 16. We set the scaling
threshold at 10, so we scale only once, just before the last symbol in the file. To retain
integer weights without allowing any weight to fall to 0, we round all fractional weights
obtained during scaling to the next higher integer.

Symbol Current Interval Pa  Pb Pe
Start | 0.000000000 1.000000000 | Y5 Y5 s
a 0.000000000 0.333333333 | %, Y4
b 0.166666667  0.250000000 | %5 %5 s
a 0.166666667  0.200000000 | %% % s
¢ 0.194444444  0.200000000 | %, . %
b 0.196825397 0.198412698 | %6 %5 s
c 0.198015873  0.198412698 | %% %6 %
b 0.198148148  0.198280423 | %o *ho 3o
Scaling o Yo Vs
a 0.198148148  0.198192240 | % % %

The final interval is [0.00110 01010 11100 11101,0.00110 01010 11110 01100] in
binary. The theoretical code length is —log, 0.000044092 = 14.469 bits, slightly shorter
than in Example 16. The actual code length is 15 bits, since the final subinterval can
be determined from the output 00110 01010 11101. a

4.2.1 Analysis of scaling

In [28] we rigorously analyze arithmetic coding from both the modeling and coding
points of view. Coding effects are negligible, as shown in Section 2.1.4. Here we give a
mathematical analysis of the modeling effects of periodic scaling, and show that scaling
often improves compression and never degrades it by very much.

Notation. We introduce the following additional notation for the analysis of scaling:
s; = weight of symbol a; at the start of the block;
¢; = number of occurrences of symbol a; in the block;
m = the minimum weight allowed for any symbol, usually 1;
A = > s (the total weight at the start of the block);
=1
B = > ¢ (the size of the block);
i=1
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C = A+ B (the total weight at the end of the block);

f = AJC (the scaling factor);
¢ = s;/A (probability of symbol a; at the start of the block);
pi = ¢ /B (probability of symbol a; in the block);
ri = (s;+¢)/C (probability of symbol a; at the end of the block);
Q, R = probability distributions {¢;} and {r;};
b = number of blocks resulting from scaling.

When f = ,, we scale by halving all weights every B symbols, so A = B and b~ t/B.
In a typical implementation, A = B = 8192.

We assume an adaptive model and exact arithmetic. In our scaling model each
symbol’s counts are multiplied by f whenever scaling takes place. Thus scaling has
the effect of giving more weight to more recent symbols. If we denote the number of
occurrences of symbol ¢; in block m by ¢; ,, the weight w; ,,, of symbol a; after m blocks
is given by

Wim = Cim + fwi,m—l
= Cim + fci,m—l + fzci,m—Q +.... (44)
The weighted probability p; ., of symbol a; at the end of block m is then

Wi m
Z?:l wi,m ‘

We now define a weighted entropy in terms of the weighted probabilities:

Definition 1 The weighted entropy of a file at the end of the mth block, denoted
by H,,, is the entropy implied by the probability distribution at that time, computed

according to the scaling model. That is,

n

Hm = Z —Pim 10%2 Pim,

=1
where the p; ,, are given by Equation (4.5).

We find that [,,, the average code length per symbol for block m, is related to the
starting weighted entropy H,,—1 and the ending weighted entropy H,, in a particularly
simple way:

R
1—7 L—7f
/

= H,+——(H, —H,_1).
+1—f( 1)

-

%

Letting f = '/, we obtain
lm o 2Hm — 1.

When we multiply by the block length and sum over all blocks, we obtain the following
precise and elegant characterization of the code length in terms of weighted entropies:
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Theorem 10 Let L be the code length of a file compressed with arithmetic coding using
an adaptive model with scaling. Then

b
k
(5 ) o)1k
m=1
’ 2 B 2

where Hy = log,n is the entropy of the initial model, H,, is the (weighted) entropy
implied by the scaling model’s probability distribution at the end of block m, and kunin
is the smallest number of different symbols that occur in any block.

This theorem enables us to compute the code length of a file coded with periodic
scaling. To do the calculation we need to know only the symbol counts within each
scaling block; we can then use Equations (4.4) and (4.5) and Definition 1. The occur-
rence of entropy-like terms in the code length is to be expected; the main contribution
of Theorem 10 is to show the precise and simple form that the entropy expressions
take.

Proof of the upper bound

We prove the upper bound of Theorem 10 by showing first that the code length of a
block depends only on the beginning weights and block counts of the symbols, and not
on the order of symbols within the block. Then we show that there is an order such
that for each symbol certain equalities and inequalities hold, which we use to compute
a value and an upper bound for the code length of all occurrences of a single symbol in
one block. Finally we sum over all symbols to obtain the worst case code length of a
block, and over all blocks to obtain the code length of the file. The proof of the lower
bound is similar.

The first lemma enables us to choose any convenient symbol order within a block.

Lemma 1 The code length of a block depends only on the beginning weights and block
counts of the symbols, and not on the order of symbols within the block.

Proof: The exact code length L of a block,

(1))

has no dependence on the order of symbols. For each symbol «;, the adaptive model
ensures that the numerators in the set of probabilities used for coding the symbol in
the block always form the sequence (s;,s; +1,...,8; + ¢, — 1), and that for the block
as a whole the denominators always form the sequence (A, A+ 1,..., A+ B—1). O
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In the next lemma we prove the almost obvious fact that there is some order of sym-
bols such that the occurrences of each symbol are roughly evenly distributed through
the block. This order will enable us to use a smoothly varying function to estimate the
probabilities used for coding the occurrences.

Definition 2 A block of length B containing ¢1,¢s,..., ¢ occurrences of symbols
ay, az, ..., ag, respectively, has the evenly-distributed (or ED) property if for each sym-
bol a; and for all m, 1 < m < ¢;, the symbol occurs for the mth time not after position

mB/c;.
Lemma 2 Every distribution of symbol counts has an order with the ED property.

Proof: Let r;(j) be the number of occurrences of symbol «; required up through the
jth position in any ED order. Such an order exists if and only if Y-, r:(j) < j for
1 <5 < B. We find that r;(j) = [%1 —1 < ¢i(j +1)/B. Since % ¢, = B,
SF () < j41, o0 SE () < gosince % ri() is an integer. This holds for any j,
so an ED order exists. O

Next we define a number of related sums and integrals approximating [, the code
length of one symbol in one block. For a given symbol with probability p = ¢/B within
the block, we can divide the block into ¢ subblocks each of length B/¢ = 1/p. Then
pe(k) and pgr(k) give the probability that the dynamic model would give to the kth
occurrence of the symbol if it occurred precisely at the beginning and end of the kth
subblock respectively.

qA—I—k‘ gA+ k

PO =y S A ey

The expressions Sz, and Sy are the lower and upper bounds of the symbol’s code length,
based on its occurrences being as early or as late as possible in the subblocks.

c—1 c—1
Sp =Y —log,ps(j); Su =Y —log, pr(j).
J=0 7=0

The integrals I, and [y approximate Sz and Sp.

]L:/O —log, pa(x) dx; ]U:/O —log, pe(x) dx.

We define Ay to be Iy — ;. After a considerable amount of algebra, we get

Al = —((c+1— flogyle+1— f) — clogye

1—f
—(fet+ 1= f)logy(fe+1—f)+ felogy(fe)).
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The expressions Ay and Ay are used to bound the error in approximating Sy by I
and St by I respectively.

A - {10g2(1+q%4)—10g2(1+]ﬁ) ifp>q—1/A;

0 if p<q-—1/4;
A, = log, (1 + zi) — log,(1 + qLA) %fp < ¢
0 if p>q.

We need a simple lemma from integral calculus.

Lemma 3 [f g(x) is monotone increasing, then
c—1 ¢
> ) < [ gle)da.
i=0 0

If g(x) is monotone decreasing, then

c—1 ¢

> 9i) < [ gle)de = g(e)+9(0).

7=0
Proof: The increasing case is obvious. In the decreasing case, the integral for any unit
interval is greater than the value at the right end of the interval: f]ﬁl g(x)de > g(j+1).
We obtain the lemma by adding ¢(j) — ¢(j + 1) to both sides and summing over j. O

Lemma 4 The code length | for all occurrences of a single symbol in a block in ED
order is less than Ir, + A + Ay

Proof: We show that [ < Sy < Iy+ Ay = I+ Ar+ Ayp. Since Sy represents the code
length for the symbol if all occurrences of the symbol come as late as possible in an
ED order, we have [ < Sy. If p < ¢ — 1/A, then —log, pr(x) is monotone increasing,
so by Lemma 3 we have Sy < [Iy. If p > ¢ — 1/A, then —log, pr(x) is monotone
decreasing, so by Lemma 3 we have Sy < Iy + log, pr(c) — log, pe(0) = Iy + Ap. If
p=q— 1/A, then Sy = Iy. In all three cases, Sy < Iy + Ap. From the definition
OfA[, ]U:]L‘I‘AI- O

We now relate I, to the entropy of the beginning and ending probability distribu-
tions. We write I1,(2) to differentiate the values of I, evaluated for different symbols ;.

Lemma 5 Let Ly = B (- H(R) — {5 H(Q)). Then Ly = £, I(i).

Proof: By appropriate substitutions, we have

Z]L(Z) = EB (ff(—ri log, 1) — ﬁ(_%’ log, %))

3 o)

The last sum is 0 because @ and R are probability distributions, so 2, ¢; = S8 r; =
1. The lemma follows from the definition of H(-). O
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Finally we bound the per-block error.
Lemma 6 Let L; be the compressed length of block j. Then

1 f B
L. <B|——H - —H klog, — | .
Proof: From Lemmas 4 and 5, we have L; < Ly + Zle(AI + Ap). A scaling factor f
of 1/, implies that A = B. Asymptotics under this condition give

1 —0(1/c) if p<q—1/A;

ArtAv = { logy(c/s) + O((s +1)/c) if p>q—1/A.

The sum Y5 (Ar + Ap) is maximized when as many symbols as possible have large ¢
and small s; the sum’s largest possible value cannot exceed its value when s = m and
¢ = B/k for all k symbols, in which case A;+ Ay = log,(B/km) 4+ O((m + 1)/¢). We

obtain the result by setting m = 1 and summing over the symbols. O

The proof of the upper bound in Theorem 10 follows from Lemma 6 by summing
over all blocks. (We are neglecting any special effects of a longer first block or shorter

last block.) There is much cancellation because H(R) of one block is H(Q) of the next.

Proof of the lower bound

In the following proof of the lower bound of Theorem 10 we append a prime to the
label of each definition and lemma to show the correspondence with the definition and
lemmas used in the proof of the upper bound.

Definition 2’ A block of length B containing ¢1,¢s,..., ¢, occurrences of symbols
ai,as, ..., dg, respectively, has the reverse ED property if for each symbol a; and for
all m, 1 < m < ¢;, the symbol occurs for the mth time not before position (m —1)B/¢;.

Lemma 2’ FEvery distribution of symbol counts has an order with the reverse ED prop-
erty.

Proof: By Lemma 2 there is always an order with the ED property. Such an order,
when reversed, has the reverse ED property. a

Lemma 3’ If g(x) is monotone decreasing, then
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Proof: Similar to that of Lemma 3. O

Lemma 4’ The code length [ for all occurrences of a single symbol in a block in reverse
ED order is greater than I, — Ap,.

Proof: We show that [ > Sp > I, — Ap. Since [, represents the code length for the
symbol if all occurrences of the symbol come as early as possible in a reverse ED order,
we have [ > Sp. If p > ¢, then —log, pg(x) is monotone decreasing, so by Lemma 3’
we have Sp, > I. If p < ¢, then —log, pg(x) is monotone increasing, so by Lemma 3’
we have S, > I, + log, pp(c) — logy pe(0) = I, — Ap. If p = ¢, then S;, = I, In all
three cases, we have S;, > I, — Aj. O

Lemma 6’ Let L; be the compressed length of block j. Then

L,>B (%H(R) - %H(Q)) — k.

Proof: From Lemmas 4’ and 5, L; > L — Y%, Ar(i). Asymptotics when f =1/, give
Ap =1—0(¢/s), which has maximum value 1, so the sum is at most k. O

The proof of the lower bound in Theorem 10 follows from Lemma 6" by summing
over all blocks, noting that b6 =t¢/B and m = 1.

Non-scaling corollary

By letting B =t, f =n/(t +n), and m = 1 in Lemmas 6 and 6, we obtain the code
length without scaling:

Corollary 1 When we do not scale at all, the code length Lys satisfies:
t Heinal + n(Hgnal — Ho) — k < Lns < tHpina + 1(Hpnal — Ho) + klog,(t/k).

We can get important insights by contrasting upper bounds in this corollary and
Theorem 10. Scaling will bring about a shorter encoding by tracking the block-by-
block entropies rather than matching a single entropy for the entire file, but when we
forgo scaling the overhead is less, proportional to log,? instead of to t. Scaling will
do worst on a homogeneously distributed file, but even then the overhead will increase
the code length by only about (k/B)log,(B/k) bits per input symbol, less than 0.1 bit
per symbol for a typical file. We conclude that the benefits of scaling usually outweigh
the minor inefficiencies it sometimes introduces.
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PPMA PPMB PPMC PPMD PPMP PPMX

1 3 kb % o omy oy n
Pesc t+1 t t+k t t 12 t
b t+1 t t+k t

Table 4.1: PPM escape probabilities (pesc) and symbol probabilities (p;). The number
of symbols that have occurred j times is denoted by n;.

4.3 Prediction by partial matching

The only way to obtain substantial improvements in compression is to use more so-
phisticated models. For text files, the increased sophistication invariably takes the
form of conditioning the symbol probabilities on contexts consisting of one or more
symbols of preceding text. (Langdon [38] and Bell, Witten, Cleary, and Moffat [2,3,
4] have proven that both Ziv-Lempel coding [79,80] and the dynamic Markov coding
method of Cormack and Horspool [9] can be reduced to finite context models, despite
superficial indications to the contrary.)

One significant difficulty with using high-order models is that many contexts do not
occur often enough to provide reliable symbol probability estimates. Cleary and Witten
deal with this problem with a technique called Prediction by Partial Matching (PPM).
The PPM idea is to maintain contexts of different lengths up to a fixed maximum order
o. To encode a symbol, we check whether the current order-o context has occurred,
and if so, whether the new symbol has occurred in that context. If it has, we use
arithmetic coding to encode the symbol based on the current symbol counts in the
context. Otherwise, we encode a special escape symbol (whose probability must be
estimated) and repeat the process with progressively shorter contexts until we succeed
in encoding the symbol. (In the shorter contexts we may exclude from consideration
symbols that have already been rejected at longer contexts.) If a symbol has never
occurred in any context, we escape to a special context containing the entire alphabet
(including an end-of-file marker), ensuring that every symbol can be encoded.

The symbols are coded using a multi-symbol arithmetic coder. The probabilities
passed to the coder are based on symbol frequency counts, periodically scaled down
to exploit locality of reference. Cleary and Witten specify two ad hoc methods, called
PPMA and PPMB, for computing the probability of the escape symbol. Moffat [45]
implements the algorithm and proposes a third method, PPMC, for computing the
escape probability: he treats the escape event as a separate symbol; when a symbol
occurs for the first time he adds 1 to both the escape count and the new symbol’s count.
In practice, PPMC compresses better than PPMA and PPMB. PPMP and PPMX
appear in [76]; they are based on the assumption that the appearance of symbols for
the first time in a file is approximately a Poisson process. In Section 4.3.2 we indicate
a method, called PPMD, that provides improved estimation of the escape probability.
See Table 4.1 for formulas for the probabilities used by the different methods.
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4.3.1 Application of scaling analysis to higher order
models

We now extend our scaling analysis to the PPM method. All of the methods for esti-
mating the probability of the escape symbol give approximately the same compression;
PPMB is the most readily analyzed.

In PPMB, in each context the escape event is treated as a separate symbol with its
own weight and probability; the first occurrence of an ordinary symbol is not counted
and the first two occurrences are coded as escapes. Treating the escape event as a
normal symbol, we can apply the above results if we make adjustments for the first
two occurrences of each symbol, since in PPMB the code length is independent of the
order of the symbols.

In the block in which a given symbol occurs for the first time, we can take the
occurrences to be evenly distributed in the sense of Definition 2, with symbol weights
(numerators) running from 1 to ¢ and occurrence positions (denominators) running
from A+ B/cto A+ B. If this were coded in the normal way, the code length would be
bounded above by Lemmas 4 and 5. Since the mechanism of PPMB excludes the last
two numerators, ¢ — 1 and ¢, and the first two denominators, A + B/c and A 4 2B/c,
the code length from the approximation must be adjusted by adding L.qjustment:

Ladjustment — Lactual - Lestimated
(c—1)c
log,
(A% BJe)(A+2B/c)

1

= 2log,c—2log, A + log, (1 — —) — log, (1 +
c

1/f — 1)

1/f—1)

c

c

—log, (1 +2

We must also adjust the entropy: the actual value of the initial probability ¢ is 0
instead of 1/A, and the actual value of the final probability r is (¢—1)/(A+ B) instead
of (¢+1)/(A+ B). For convenience we use the symbol h to denote the entropy term

B (ﬁH(R) — %H(Q)) We define and compute the adjustment:

hadjustment — hactual - hestimated
2 1
= clog, (1 + —1) + 2log, ¢ —logy, A 4 2log, f + log, (1 — —2) .
C — &
The code length is then given by
Lactual — hactual + (Ladjustment - hadjustment) + small terms

> 1

= haveunt + clog, (1 + :) +log, A+ 2log, f + log, (1 + Z)
1/f-1 1/f-1

+ log, (1 + /1 ) + log, (1 +2 /1 )

C C

+ small terms.
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The net adjustment is negative when ¢ = 3, the smallest possible value of ¢, and
increases with c¢. The largest value occurs when ¢ > A, that is, when the number
of occurrences of a new symbol exceeds the initial weight of all the symbols; in this
unlikely event the net adjustment is positive but less than 2log, ¢ — 3log, A.

Now we can extend Theorem 10 to the PPMB model with scaling:

Theorem 11 When we use PPMB with scaling, the code length L is bounded by

contexts X m=1

bx
L < Z (B(Z HX,m‘|‘HX,b_HX,O) —I-O(kXtX)) .

Proof: The proof follows from the discussion above, noting that the maximum adjust-

ment for one symbol a; in one context X is O(log, cx,;) and that log, cx,; < cx; <
tx. O

This theorem does not readily estimate the code length of a file in a direct way.
However, it does show that the code length of a file coded using a high-order Markov
model with scaling can be expressed using the weighted entropy formulation. In par-
ticular, the code length for each context is expressed directly in terms of the weighted
entropies for that context.

4.3.2 PPMD: an improvement to PPMC

The PPM idea gives excellent compression on text files. In this section we present a
slightly improved method for estimating the escape probability, which we call PPMD.

Moffat’s PPMC method [45] is widely considered to be the best method of estimat-
ing escape probabilities. In PPMC, each symbol’s weight in a context is taken to be
number of times it has occurred so far in the context. The escape “event,” that is, the
occurrence of a symbol for the first time in the context, is also treated as a “symbol,”
with its own count. When a letter occurs for the first time, its weight becomes 1; the
escape count is incremented by 1, so the total weight increases by 2. At all other times
the total weight increases by 1.

Our new method, called PPMD, is similar to PPMC except that it makes the
treatment of new symbols more consistent by adding !/, instead of 1 to both the escape
count and the new symbol’s count when a new symbol occurs; hence the total weight
always increases by 1. We have compared PPMC and PPMD on the Bell-Cleary-Witten
corpus [4]. Table 4.2 shows that for text files PPMD compresses consistently about 13
better than PPMC. The compression results for PPMC differ from those reported in
[4] because of implementation differences; we used versions of PPMC and PPMD that
were identical except for the escape probability calculations. Moffat [43] has applied
the PPMD modification to his implementation and reports similar results. PPMD has
the added advantage of making analysis more tractable by making the code length
independent of the appearance order of symbols in the context.
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Improvement

File PPMC PPMD using

PPMD
bib 2.11 2.09 0.02
bookl 2.65 2.63 0.02
book2 2.37 2.35 0.02
news 2.91 2.90 0.01
paperl | 2.48 2.46 0.02
paper2 | 2.45 2.42 0.03
progc 2.48 247 0.01
progl 1.87 1.85 0.02
progp 1.82 1.80 0.02
trans 1.74 1.72 0.02

Table 4.2: Comparison of PPMC and PPMD on the text files in the Calgary corpus.

Compression figures are in bits per input symbol.

4.4 Fast PPM text compression

In [31] we show that we can obtain significantly faster compression with only a small
loss of compression efficiency by modifying both the modeling and coding aspects of
PPM. The important idea is to concentrate computer resources where they are needed
for good compression while using simplifying approximations where they cause only
slight degradation of compression performance.

On the modeling side, we eliminate the explicit use of escape symbols, we use
approximate probability estimation, and we simplify the repeated-symbol-exclusion
mechanism. For the coder, we replace the time-consuming arithmetic coding step with
various combinations of quasi-arithmetic coding and simple Rice prefix codes.

We observe that the use of arithmetic coding guarantees good compression but runs
slowly: the multi-symbol version used in PPMC requires two multiplications and two
divisions for each symbol coded, including escapes. We also note that for many text files
the PPM method predicts very well: the most frequent symbol in the longest available
context is usually the one that occurs; this implies that the escape mechanism is not
needed very often. (This is one reason for the observation by Cleary and Witten that
the choice of escape probability makes little difference in the amount of compression
obtained.) Finally, we recall that arithmetic coding significantly outperforms prefix
codes like Huffman coding only when the symbol probabilities are highly skewed.

In the method presented here, we eliminate the escape mechanism altogether. First
we concatenate the symbol lists of the current contexts of various orders, beginning
with the longest. (Of course the concatenation is only conceptual. In practice we simply
search through the context’s lists, moving to the next list when one is exhausted and
stopping when we find the current symbol.) To avoid wasting code space, we exclude
all but the first occurrence of repeated symbols using the fast exclusion mechanism
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described in Section 4.4.1.

We must identify the current symbol’s position within the concatenated list. We
choose one of a number of related methods, our choice depending on the speed and
compression required. The idea is to use binary quasi-arithmetic coding to encode
NOT-FOUND/FOUND decisions for the symbols with highest probability, then if nec-
essary to use a simple prefix code (a Rice code) to encode the symbol’s position in the
remainder of the list. For maximum speed, we can eliminate the quasi-arithmetic cod-
ing step altogether, while for maximum compression we can eliminate the prefix code,
using only a series of binary decisions to identify each symbol. Using quasi-arithmetic
coding for just the first symbol in the longest context is a good practical choice, as
is using quasi-arithmetic coding until the FOUND probability falls below a specified
threshold.

Rice codes

Because a quasi-arithmetic coder must encode a number of binary decisions, a text
coder that uses quasi-arithmetic coding alone can take about as long as PPMC. By
encoding a number of decisions at once, however, we can speed up the coder. Rice
codes, described in Section 2.3.2, are eminently suitable for encoding a number of
NOT-FOUND decisions followed by a single FOUND decision.

Strictly speaking, Rice codes apply to exponential distributions, but in fact they
will give good compression for almost any decaying probability distribution. If we keep
our symbol lists ordered by frequency count within each context, the concatenated list
used to find a symbol will be in decreasing probability order, except possibly for bumps
where the context lists are joined, so we can use Rice coding to encode symbol positions
within the concatenated lists. We use the method of Section 2.3.3 for estimating the
value of the Rice coding parameter.

4.4.1 Implementation

In this section we describe an implementation of the Fast PPM text compression
system, explaining the differences in modeling between our method and the PPMC
method.

Data structure for high order models

We use a multiply-linked list structure similar to the vine pointers of Bell et al. [4]. In
the versions of the Fast PPM system that use Rice coding, we keep the context lists
sorted according to frequency count, while in the version that uses only quasi-arithmetic
coding we do not reorganize the lists at all.

We delay creating new nodes in order to save time and control the number of nodes
present. Every symbol instance appears simultaneously in contexts of all orders from 0
to o, but we do not create nodes for all possible orders. Instead, we create at most
one new node for any symbol instance, just one order higher than the one at which
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the symbol was found. (If it was found at the highest order, we do not create any new
nodes.) This procedure runs somewhat counter to a recommendation of Bell et al. [4,
pages 149-150], but compression does not appear to suffer greatly. We also use a lazy
update rule as in [4], updating statistics only for contexts actually searched. In our
implementation we allow the model to grow without bound, never deleting nodes or
restarting the model.

Exclusion mechanism

Our exclusion method is faster than the standard approach of maintaining a bit map
of alphabet symbols, together with a list of currently excluded symbols to reset the
bit map after every symbol. We use a time stamp mechanism, the “clock” being the
position of the current symbol in the file. As we pass each symbol for the first time while
searching through the concatenated list, we write the current “time” in the symbol’s
position in a time stamp array. Then if we encounter the symbol again, we check
whether its time stamp matches the current time; if so, we can exclude it. We must
clear the time stamp array only when the symbol position counter overflows, typically
after about 2% a~ 4 x 10? bytes. When we are using quasi-arithmetic coding for all
coding, this mechanism introduces a small inaccuracy in the FOUND/NOT-FOUND
probabilities: the NOT-FOUND probabilities will be higher than they should be since
they include symbols further down the list that should be excluded. Fortunately the
effect is minor.

Coding new symbols

At any point in the coding, the concatenated, duplicate-free context list contains ex-
actly k£ symbols, where k is the number of distinct alphabet symbols seen so far in
the file. If the next symbol has not yet been seen, we encode & NOT-FOUNDs, using
quasi-arithmetic coding k times, a Rice code to encode k., or some combination of the
two. Then instead of using exclusions and an arithmetic or prefix code, we simply
send the bits of the new symbol directly. Doing so greatly simplifies the coding while
expanding the compressed file by only klog, n — (log, n! — log,(n — k)!) bits, where n
is the alphabet size. If n = 256 and k£ = 100, the excess code length is about 4 bytes,
which is insignificant.

We use a small trick to encode the end of the file without expanding the alphabet:
at end-of-file we indicate “new symbol” as just described; then we output the bits of
the first symbol that occurred in the file. This symbol is always known (unless the
input file is empty, in which case we simply make the coded file empty), and will never
again be encoded as a new symbol.

Use of Rice coding

The use of Rice codes to encode the symbol positions is straightforward. The only
complication is the difficulty of interleaving the quasi-arithmetic code output and the
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Compressed size Encoding throughput
QFAELSt gil\//[Rice PPMC compress QFAELSt gil\//[Rice PPMC compress

bib | 2.19 2.32 2.12 3.35 23.2 29.0 16.4 111.3
bookl | 2.51 2.58 2.52 3.46 23.2 30.1 18.5 108.3
book2 | 2.29 2.41 2.28 3.28 23.5 30.6 18.1 111.1
news | 2.78 2.94 2.77 3.86 16.9 23.5 12.6 99.2
paperl | 2.62 2.83 2.48 3.77 17.8 24.7 13.6 106.3
paper2 | 2.51 2.67 2.46 3.52 21.1 26.5 15.2 102.7
proge | 2.68 2.92 2.49 3.87 16.9 23.6 12.4 99.0
progl | 1.99 2.16 1.87 3.03 24.8 31.7 18.4 119.4
progp | 1.96 2.17 1.82 3.11 22.0 31.1 16.5 98.8
trans | 1.88 2.09 1.75 3.27 23.7 32.1 18.0 117.1

Table 4.3: Compression and encoding throughput on the ten text files in the Calgary
corpus. Compressed sizes are expressed in bits per input symbol. Encoding throughput
is expressed in thousands of uncompressed bytes per second.

prefix code output. The bits (or bytes) must be output by the encoder in the order
that the decoder will read them. We sidestep the resulting buffering problem by simply
using two separate output files.

4.4.2 Experimental Results

We compare the Fast PPM method with PPMC and with the UNIX compress program;
the results appear in Table 3.6. We show results for two versions of Fast PPM: one
that uses quasi-arithmetic coding for all binary decisions (QA) and one that uses quasi-
arithmetic coding for one decision in each context, then uses Rice coding if necessary
to encode the symbol’s position in the remainder of the concatenated context list
(QA/Rice). For quasi-arithmetic coding use we N = 32 and an order-3 coder; the time
needed to precompute the tables is not included, since the tables can be compiled into
the coder. The PPMC implementation also uses exclusions and an order 3 model. The
test data consists of the 10 text files of the Calgary corpus.

We see that Fast PPM outcompresses the compress program on all text files. Fast
PPM with quasi-arithmetic coding gives compression performance comparable to that
of PPMC, especially for larger files.

We show timing results for encoding on a Sun SPARCstation 1GX; decoding times
are similar for the PPM methods. We see that Fast PPM, even using quasi-arithmetic
coding alone, is always faster than PPMC; the version that uses some Rice coding is
nearly twice as fast as PPMC.
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TI;E CONTRIBUTIONS OF THIS WORK are in three areas: statistical coding, modeling
for lossless image compression, and modeling for text compression. The modeling
and coding ideas in this thesis can be combined to build compression systems either
with state-of-the-art compression efficiency or with very high throughput; compression
efficiency is only slightly reduced in the latter case. We prove bounds on compression
efficiency for a number of important coding methods, as well as presenting practical
algorithms that we have implemented.

In the coding area, we have given the first detailed analysis of arithmetic coding.
We prove that the compression loss due to coding effects is negligible. We also precisely
characterize the code length in a dynamic modeling scenario, incorporating periodic
frequency count scaling by way of an elegant new concept called weighted entropy. Our
analysis extends to high-order models for text compression.

Since arithmetic coding provides nearly optimal compression but tends to run
slowly, we are motivated to improve the speed. We describe quasi-arithmetic cod-
ing, a successful variant of arithmetic coding that retains most of the high compression
efficiency of arithmetic coding while running significantly faster. Quasi-arithmetic cod-
ing forms a bridge between the mostly continuous world of arithmetic coding and the
discrete world of Huffman coding and other prefix codes. We motivate and develop the
design of quasi-arithmetic coding, proving bounds on its loss of compression efficiency.

Often the high compression efficiency of arithmetic coding is not required; in such
cases we can use the simpler prefix codes for more speed. Golomb and Rice codes form
two families of especially simple prefix codes. Both are easy to implement and run very
fast. Fach family is characterized by a single parameter. We provide a new algorithm
for dynamically estimating the value of the parameter; our algorithm gives provably
negligible loss of compression efficiency for a stationary source.

We also investigate parallel coding, and give an algorithm for parallel Huffman
coding; we give a bound on its running time. We extend this algorithm to parallel
quasi-arithmetic coding.

In the area of lossless image compression, we develop a new four-component para-
digm, involving pixel sequence, prediction, error modeling, and coding. The explicit
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recognition of an error modeling component, distinct from coding, appears to be new.
We investigate experimentally the long-held assumption that prediction errors are
Laplace-distributed, and we find that often it does not hold. We model the prediction
errors more accurately by generalizing the Laplace distribution, and by indirectly es-
timating the parameters of the generalized distribution by a new technique called the
variability index technique.

We present and implement two methods for high-efficiency lossless image compres-
sion, a raster-scan method called Prediction by Partial Precision Matching
(PPPM) and the Multi-Level Progressive (MLP) method, a progressive hierarchical
method. Both methods give state-of-the-art compression efficiency by using careful
prediction and error modeling techniques in conjunction with arithmetic coding.

We also present a new faster lossless image compression method called FELICS,
for Fast, Efficient, Lossless Image Compression System. In FELICS we combine the
prediction and error modeling steps to directly provide a simple model to the coder;
the coder uses simple prefix codes matched to the model, giving exceptional speed. We
lose surprisingly little compression efficiency by using such simple models.

Finally, in the area of text compression, we make some significant enhancements to
the Prediction by Partial Matching (PPM) method of Cleary and Witten, recognized
as giving the best compression of text compression methods in the literature. We give
a small improvement on Moffat’s PPMC implementation, consistently obtaining about
one percent more compression. We also present a different implementation strategy,
designed for maximum speed. By eliminating some unimportant details, using Rice
codes (with our parameter estimation technique) instead of arithmetic codes when the
precision of arithmetic coding is not needed, and replacing arithmetic coding by quasi-
arithmetic coding when we do need the precision, we obtain approximately the same
compression as PPMC with nearly twice the speed.
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