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A METHOD OF GENERATING A COMPRESSED REPRESENTATION
' ' OF A SOURCE DATA STRING

" FIELD OF THE INVENTION

This invention relates to a method of generating a compressed
representatioh of a source data string. By “compression” is meant reducing
the amount of data associated with {he source data string without reducing
its information content, so that output daia may be constructed having a
lower data content than the original source data, whilst still permitting the
source data in its entirety to be reconstructed. In particular, the invention
relates to a method for high efficiency, multiplication-free arithmetic
coding. Arithmetic coding is a fechnique which is commonly employed in

order to compress data in data processing systems.

BACKGROUND OF THE INVENTION

Such compression. is rendered possible by' the high degree of
inter-correlation and non-uniform statistical distribution assog,__ia_ted with the
symbols usually characterizing large databases. When the ‘source data is
represented in digital form, the object of compression is to pfoduce an output
string of data having fewer data bits than the original source data string.
When a statistically significant sample of source data strings are
Compressed, the expected length of the compressed output data siring

corresponds to the “entropy” of the source data string.
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C
generating a conpressed representation of a source dat
"conpression" is nmeant reducing the anbunt of data asso
source data string wi thout reducing its information conte utput

data may be constructed having a | ower data content than the orlglnal
source data, whilst still permtting the source data in its entirety to be
reconstructed. In particular, the invention relates to a nethod for
hi gh efficiency, multiplication-free arithnetic coding. Aritlsaex87e01¢odi ng
Is a technique which is commonly enployed in order to conpress data in data
processi ng systens. BACKGROUND OF THE | NVENTI ON
Such conpression is rendered possible by the high degree of

One way to achieve compression of source data is by means of the

arithmetic coder developed by Rissanen and first published in an article
entitied “Generalized Kraft 'lnequality Arithmetic Coding”, IBM Journal of
" Research and Development, Volume 20, No. 3, May 1976. The Arithmetic
coding procedure introduced by Rissanen permits the compression of
multi-alphabet data, i.e. data each of whose symbols may be found within

a multi-symbol alphabet.

In . order to employ an arithmetic coding procedure, it is first
necessary to determine the probability of occurrence for each symbol within
the source alphabet. Typically, the probabilities will vary from one source
data string to another so that if, for example, an arithmetic coding procedure
is being used to compress the data corresponding {o a TV.” image,
the probabilities of occurrence for each picture element must first be
determined. This may be determined in real time or, alternatively, may

" be predetermined statistically. However, the actual method for determining-
these probabilities - is not a feature -of- the present invention which " is
equally applicable regardless of how the probabilities are determined. -

Having determined the probabilities of occurrence f{or each different
symbol within the source alphabet, the cumulative probability for each
symbol may then be determined. Thus, the cumulative probability, S(1) for
the first symbol of the data string will be equal to zero and, in general, the
cumulative probability, S(n) for the n™ symbol will be equal to the sum - of the

probabilities of occurrence for each of the preceding n-1 symbolé.

Arithmetic coding procedures normally represent "zhé output data
string as a binary fraction within the unit interval [0,1). Asis e’xplainedih “An
Introduction to Arithmetic Coding” by Langdon, Jr. in the IBM Journal of
Research and Development, Volume 28, No. 2, March 1984, arithmetic coding
is related to the process of sub-dividing the unit interval. This sub-division is
achieved by marking along the unit interval code points C, for each symbol
within the source aiphabet, each code point being equal to the sum of the

probabilities of occurrence of the preceding syinbols. The width or size A,



i nter-correlati on and non-uniform statistical distributThyph egrt Reylaced
with the synbols usually characterizing |arge databases. rce
data is represented in digital form the object of conpre

produce an output string of data having fewer data bits than the original
source data string. Wen a statistically significant. sanple of source
dat a strings are conpressed. the expected |ength of the conpressed

out put data string corresponds to the "entropy" of the source data string.
-2 . One way to achi eve conpression of source data is by neans of the
arithmetic coder devel oped by Ri ssanen an first published dnggngarticle
entitled "Generalized Kraft Inequality Arithnetic Codi ng", |BM Journal of

of the sub-interval to the right of each code point represents the
probability of occurrence of the source data string up to the corresponding

symbol (cf. Fig. 1).

Consider, for example, a source data string whose alphabet
comprises symbols a, to a,, having probabilities of occurrence equal to
p(0) to p(m), respectively. If the source data string is a,aa; ... then the first
symbol a, will be encoded within the sub-interval [0;p(0)). This represents a
first sub-interval within the original unit interval whose width A, i_s equal to
p(0) corresponding simply to the probability of occurrence of symbol a, .
in order to encode the second symbol a; of the source data siring, its
probability of occurrence cohditional on the probabiiity of symbol a,
occurring must be determined. Furthermore, the cumulative probability
S(5) associated with the second symbol a; must be calculated. Thus, the
sub-interval corresponding to the second symbol a; is a'second sub-interval
within the first sub-interval corresponding to a, . Mathematically, the width A, -
of the second sub-interval is equal to p(0)«p(5) , i.e. the product of the
probabilities of occurrence of both symbols a, and a; . The starting point of
the second sub-interval within the unit interval depends on the width A, of the
first sub-interval and the cumulative probability S(5) associated with the
second symbol a, , being equal to their product A, « S(5) .

Thus, as each symbol of the source data string is successively -
encoded within the unit interval, a succession of sub-intervals is generated
each of which may be specified in terms of a specific code point and width.
The code point for the current sub-interval corresponds to t"hé start of the
current sub-interval within the previous interval or sub-interval. As explained
above, this is equal to the cumulative. probability associated with the
current symbol. Thus, the code point associated with the n* sub-interval
will be equal to the width of the n — 1% sub-interval multiplied by the
cumulative probability of the preceding n-1 symbols, i.e. A;S(n) . The width of
the new sub-interval itself will be equal to the product of _the probabilities
of all symbols (including the current one) 'so far eﬁcoded, ie.

p(0) « p(5) « p(3)... for the above source data string. The data corresponding to
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In order to enploy an arithnetic coding procedure.

Is first necessary to determne the probability of occurrence for each
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be equal to zero aﬂﬁ, general, the

Since the width of the sub-interval is equal to a product of
probabilities, two factors emerge. First, as | mote symbols of the source data
string are encoded, the width of the sub-interval defining the arithmetic code
representation  will decrease (since each individual probability must
necessarily be smaller than 1); and, furthermore, the process of arithmetic
coding requires a succession of muiltiplication operations for its effective

implementation,

Although arithmetic coders produce optimum compression,
corresponding to the entropy of the source data string, when based on

-the. exact. probabilities of occurrence of the symbols constituting the data

string, in fact prior implementations of arithmetic coding procedures have
tended to introduce approximations on account of the difficulty in
determining the exact probabilities. Such approximations reduce the
efficiency of the arithmetic coding operation and result in an output data
string being generated which has more symbols than the theoretical
minimum, or entropy. Moreover, further approximations have been
introduced in order to eliminate the muitiplication operation, which is
required for determining the width of each successive sub-interval.

Arithmetic coders are implemented on computers ’iﬁr}ose,_ memory
registers contain a finite number of bits. ~ One problem associated with
multiplication results from the fact that, since the successive multiplication of
probabilities always produces smaller and smaller intervals, after only a few
such multiplications the resulting sub-interval may be too small to be

satisfactorily stored in the camputer regisier. For example, if each register

has 16 bits, and the multiplication of successive probabilities results in a

Number smaller than 2-'¢ | this number will underflow the register. in other

wards, the register will be full of zeros, the significant bits of the probability

T



cunul ative probability, S(n) for the n[err] symbol will B#S as Peen Replaced .|
of the probabilities of occurrence for each of the precedi " .
Arithmetic coding procedures nornmally represent the out g
as a binary fraction within the unit interval [0.1). As is explained in "An
I ntroduction to Arithnetic Coding" by Langdon, Jr."in the IBM Journal of
Research and Devel opnent. Volunme 28. No. 2. March 1984. arithnetic coding
is related to the process of sub-dividing the unit interval. This

sub-di vision is achieved by marking along the unit interval code points
Cerr], for each synbol within the source alphabet. each code pg%@hwgﬁgng
equal to the sum of the probabilities of occurrence of the preceding
synbols. The wi dth or size A - _

product being lost. A further problem associated with successive
multiplication operations is the time taken for these to be implemented.

The first of the above drawbacks has been solved using a technique
called normalization, whereby the probability product is stored in floating
point notation._ l__l_")__.order to do this, a further bit register is employed for
étofing the expo.ﬁent {to base 2) for the width of the sub-interval, when the
most significant 1 of the binary fraction is shifted to the extreme left-most -
position. Thus, the binary fraction 1.0101 x 2-® which clearly cannot be
stored in a 16-bit register, may satisfactorily be stored as 1.0101E-20,
wherein the mantissa and the exponent are stored in separate registers.
Since the most significant bit of the mantissa is thus arranged aiways to be 1,
the actual number stored in the mantissa register will always be greater than
1.0.

. .The second problem described above and related to - the time taken
to perform multiplication operations, has to some extent been solved by the
implementation of so-called “multiplication- free” arithmetic coders. In
computers which employ binary arithmetic, multiplication is implemented as a
series of shift and add operations. The term “multiplication-free” has
variously been used in the prior art to imply either a single shift or a single
shift and add operation for each coding step. Strictly speaking,
mathematically even a single shift operation constitutes multiblication.'
However, this is many orders of magnitude less time-consuming than the
multiplication  operations associated  with precise implementations of
arithmetic coders involving -multiple shift and add operati;ﬁs. Thus, the
term “multiplication-free” is often used ta denote that multiplication operations
are significantly simplified or reduced. It is in this context that the term

“multiplication-free” has been used in the prior art and is used in the present
invention.

U.S. Patent No. 4,286,256 (Langdon, Jr.-et al.} discloses a method
and means for arithmetic coding using a' reduced number of operations.

L S .
angdon simplifies the multiplication operation by truncating one of the



of the*sub-interval to the right of each code point eeth laced
probability of occurrence of the source data string up to
synmbol (of. Fig. 1). Consi der, for exanple, a so

string whose al phabet conprises syrrbol s a[err] to a[err], having
probabilities of occurrence equal to p(O to p(m, respectlvely If the
source data string is a[err]a[err]alerr] ... then the first synbol a[err]
will be encoded within the sub-interval [Q p(0O). This represents a first
sub-interval within the original unit interval whose width A is equal to
p(O corresponding sinply to the probabilify of occurrence of SAH®oh11
alerr]. In order to encode the second synbol a[err] of the source data
string, its probability of occurrence conditional on the probability
of synbol a[err] occurring nust be determ ned. Furthernore, the cunul ative
probability S(5) assoopraiued agrtelparidingsérottd syidtiolf &djecsul-intarsdl dyéor to

cal cul ated. Thus ngofaﬁ]gsH@ dunteBf a@de-&mreﬁewmngaﬁ%omenﬁﬂmn% SHEBR!
aferr] is a second su - nterval W t nt er val corresgondl ng

to a[err] . Mathes8¥i &4 Py ﬁgur\ﬁﬁjtheAZQB'f’abF{?ec@iad’aﬂQi 8fK- i'%e eFYBPO)
equal to p(O [erwhee(b)tis pessenle tohencpde dantt syotbot dfehesmipabidbiat sty efther

occurrence of both mpe Ibfobabie ok les3 o bR rel/ent This plREddrD% Qﬁ)éuﬂ{;lblgffort he
second sub- |ntervaf " 'phalbrétgokégsumt I nterval depends on the w d A, of the
mulil-a

_ U.Ss. Patent No. 4,652,856 (Mohiuddin et al) discloses a
-multiplicatién-free multi-alphabet arithmetic code in which each sub-interval
is stored in floating point format, as explained above, such that the
mantissa stored within the A register is a binary fraction greater than 0.1.
in accordance with the approximation proposed by Mohiuddin, a
variable criterion is adopted which either truncates the mantissa of the
sub-interval to exactly 0.1 (binary) or, alternatively, rounds it up to 1. Such
an approximation still achieves the desired compression, but at a loss of
~ efficiency. In other words, more bits than the minimum are required for
‘ represé-nting the compressed data strmg The inefficiency associated
with Mohiuddin’s procedure depends on the nature of the source data being

compressed.

The major drawback with Mohiuddin results from the fact that rounding
up the contents of the A register approximates the probability of the
corresponding symbol to a valué greater than its actual value. In order to
ensure that the sum of the probabilities for all -symbols in the alphabet

cannot exceed 1.0, Mohiuddin approximates the last sub-interval to:

-

m—1
A(m)=1- ) p() -

i=0

Whilst this approximation ensures that the sum of the probabilities of
all symbols in the alphabet is equal to 1, it can achieve this at the expense of

rendering the last sub-interval so small that the coding is highly inefficient.



first sub-interval and the cunul ative probability S(5) ass elhed
second synmbol af[err], being equal to their product Alerr]
-Thus, as each synbol of the source data string is succe

within the unit interval, a succession of sub-intervals is generate eac

of whi ch Ified in terns of a specific code point and-wi dth. The
code point for the current sub-interval corresponds to the start of the

- current sub-interval within the previous interval or sub-interval. As

expl ai-ned above, this is equal to the cunul ative probability associ ated.
with the current synbol. Thus, the code poit associated w thSERS7Mtérr]
sub-interval will be equal to the wdth of the n - 1Jerr] sub-interval

mul tiplied by the cunul ative probability of the preceding n-1 synbols, i.e.
Alerr]S(n) . The width of the new sub-interval itself will be equal to the -
product of the probabilities of all synbols (including the current one)
SO far encoded, i,e. P(OJferr] p(5) [err] p(3)... for the above source
data string. The data corresponding to

SUMMARY OF THE INVENTION

It is an object of the invention to provide a method for high efficiency,
multiplication-free arithmetic coding wherein the disadvantages associated -

with prior art methods are significantly reduced or eliminated.

According to the invention, there is provided a method of generating a
compressed representation R(comp) of a source data string STR, as defined in
Claim 1, and a method of decoding a compressed representation R(comp) of a

source data string STR, as defined in Claim 6.

Thus, in accordance with the invention, each symbol within the

source data string STR is successively coded, the representative
¥ compressed code thereof being shifted out of’ t.he C 'register for post
processing as required. Typically, the compressed data which is
successively read from the C register is transmitted to a suitable decoder
which decodes the compressed string so as to reconstruct the original source
data string STR. In common with the prior art arithmetic encoders referred
to above, the method according to the invention is a first-in-first-out (FIFO)
routine, whereby the flrst symbol in the source data stnng STR is also the first

symbol to be encoded.

In a preferred embodiment, the A register is initialized to a value of

1.000, the compressed arithmetic code then being a value betwéen 0:and 1.

Since each symbol within the source data string STR is encoded
successively, it may occur that the code developed for subsequent symbols
of the source data string STR will affect the code already generated for a
previous symbol, owing to the effect of “carry over”. The effect of carry aver
is well known in the literature, several solutions. to the problem having
been published, any one of which may suitably be used in conjunction with

the proposed invention.



4 tthe wwdth Alerr] and code points Clerr] of the n[err] mlghéepﬂg@ggllhplaced

thus encode the first n+l synbols in the source data string.
coders therefore require two nmenory registers, usually call edmw]m#mm"ﬁll’
regi sters, for storing these data. Since the wi dth of

sub-interval is.equal to . a product of probabilities, tw factors energe.
First, as nore synbols of the source data string are encoded, the w dth of
the sub-interval defining the arithnetic code representation wll decrease
(since each individual probability nust necessarily be smaller than 1);
and, furthernore, the process of arithnetig coding requires a susgessi on of
mul tiplication operations for its effective inplenentation. :

Al t hough arithnetic coders produce optimum  conpression,

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described with regard to a method for
generating a compressed representation R(comp) of a source data string
STR, each symbol of which is taken from a finite set of m+1 symbols, and
with reference to the accompanying drawings, in which:

Fig. 1 illustrates, for an example of an ordered symbol set comprising five
symbols, the probabilities and the resulting cumulative probabilities;

Fig. 2 is a flow diagram showing a coding procedure according to the
invention; and

Fig. 3 relates to Fig. 2 and illustrates the flow of data between registers
when performing the coding procedure according to Fig. 2.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENT

Fig. 1 shows a table of probabilities p(i) and resulting cumulative
probabilities S(i) for an ordered symbol set comprising five symbols &, to a,,
together with the corresponding code points C, plotied on the unit interval

) !0,1).t _,A_s has been explained above, the process of recursively encoding
"-’:.'s'_\]é:é:éggi}\/e*symbois of a symbol set as a sub-interval within the unit interval,-
from the probabilities p(i) and the cumulative probabilities S(i) for the symbol

ai to be encoded, is a characteristic feature of arithmetic coding procedures

“

per se.

Referring now to Fig. 2, there is shown a flow diagram of an encoding
procédure according to the invention. The four main steps of the procedure
are numbered 1 fo 4, inclusive, for reasons which wiil become apparent below
with reference to Fig. 3 of the drawings.

it is seen that at the start of the procedure, the C register is set to
0.000 and the A register is set to 1.000. In step (1) the probabiiity p(i} and

RN Ao B R b ea e
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corresponding to the entropy of the source data string, whéh sahaﬂh
exact probabilities of occurrence of the synbols constitutin
string, in fact prior inplenentations of arithnmetic coding p

tended to introduce approxi mati ons on account of the difficult
determning the exact probabilities. Such approxinations reduce the
efficiency of the arithnetic coding. operation and result in an output data
string being generated which has nore synbols than the theoretical m ninmm

or entropy. Mor eover, further approximtions have been introduced in
order to elimnate the nmultiplication operaion, which is requiSZeB7tun
determ ning the width of each successive sub-interval. Arithmetic
coders are inplenented on conputers whose nmenory registers contain a finite
nunber of bits. One problem associated with nmultiplication results from
the fact that, sinaendidtveSutciebiiy @) anel datdriigst ifdm eef:h pyrolbcabaii in the asurekways
produces snal l er Was%kFeEThntﬁl svat!aﬁ b%f to%he ?(U(‘st%verl known ’
mul tiplications the resu b

sub-1 nterval e to
satisfactorily st OPTeEPqURES: hA ?,’Bﬁ‘bﬁiyerar"é@‘? s‘trégeteriﬂ?ﬁ’ﬁedei%{rﬁﬁIpé"baﬁbf“*yed@H’es
regi ster has 16 bi sy baasiploped. nAllstdliph ifaxsdrikOIs thén detemdssd, we spovabiakitdp ©), es

results in a nunber, GRALIRS {;{néﬁls%i el A redilthS ot BRGRatid 4t WARES bloAWiest e

reglster I n other regl ster er os,
si gnl f | cant bits qugql}tf@nbﬂ@nébﬂ pqc)?nd most significant binary 1 dlglt The A register

represents the width of ‘the current sub-interval, the scaling factor K being,
in effect, an approximation of the width of the current sub interval. Thls_
width is normalized- between 1.0000 (binary) and 11111 . and the scalmg
factor K is merely an approximation for the value of the A register eliminating

all 1’s less significant than the second.

In the description which follows, the symbols of the finite set of
m+1 symbols are designated as a, , a,, ... a, The probability and
cumulative probability for the symbol a, is designated p(i) and §(i),
respectlvely Thus, if, for example the elghth symbol of the muiti-symbol
alphabet 'is “h”, then a; = h and the respectlve probabilities are p(8) and
S(8).

Step (3) shows that for each symbol in the source data string STR the
product of K and S(i) is added to the C register, and the A register is set to
the product K« p(i) , if i<m and is reduced by the product K« S(m) if i=m
Thus, where the current symbol to be encoded does not correspond to the
last symbal a, within the muiti-symbol alphabet, the A regisier i is set 5|mply to
the probability of the current symbol times K, being an approximation for the
width of the current sub-interval. On the other hand, wher the current
symbol to be encoded corresponds to the last symbol of the alpHabet, the
value of the A n;egister is reduced by the product of K times the cumulative
probability of the last symbol of the alphabet. This compensates for the fact
that the probabilities p(i) are only approximate and, in effect, ensures that the
sum of the probabilities of all the symbols in the multi-symbol alphabet is
equal to 1. This follows since for the m' symbol of the alphabet:

A — A-K - S(m) |
and since K is an approximation for A,



5= - product being |ost. A further problem associ ated ThisiShét Has Been Replaced
successive nultiplication operations is the tinme taken for th

i mpl enent ed. The first of the above drawbacks has bee Nnm ﬂugj H
a technique called normalization, whereby the probability pro

in floating point notation. In order to do.this, -a further bit register is
enpl oyed: f or—storing—the—exponent—{to—base—2—+for the width of the o
sub-interval, when the nost significant 1 of the binary fraction is shifted -*
to the extreme |eft-nost position” Thus, the binary fraction 1.0101 x

2[err] which clearly cannot be stored in 16-bit register,
satisfactorily be stored as 1.0101E- 20, L , - Plar. 011

A+—A-A.5m)
Thus,A « A(1 - S(m))
ie. A< A1 -p0) + p(1) + .. + p(m-1))
ie. A+« Asp(m),
which is exactly what is required.

The next step (4) in the algorithm is to normalize the A register so that
its contents lie within a predetermined range. In order to do this,- the
contents of the A register are multiplied by an appropriate multiple of 2.
This is achieved by a simple shift operation by means of which the contents of
the A register are shifted left by a specified number of bits depending on the
present contents of the A register. The C register is then shifted left by
the same number of bits, the most significant bits thereof being read
from the C register and constituting part of the arithmetic code for the
source data sftring STR. This procedure is repeated for all symbols in the
source data string STR and, on completion, the complete ~contents of the  C - -
register are shifted out of the C register and concatenated to the previously
generated code string, the resulting code string representing the compressed

output data string.

It  will thus be seen that the method according to the invention
generates a compressed output data string recursively for each symbol
within the source data string STR. As the code is generated :it. is. shifted out
of the C register whilst, at the same time, normalizing the A register.

The method according to the invention wiil perhaps bes.t be understood

with reference to the following example.

EXAMPLE
A source data string is to be derived from a 5 symbol alphabet having
symbols a, to a, equal to a,b,c,d,e, respectively, with probabilities (in binary)
as'follows__:r__ _
~ p(0) = 0.000001
p(1) = 0.000011

o PR BTN e B b RPN Wl o



wherein the mantissa and the exponent are stored in separateg regi sters.

Since the nost significant bit of the mantissa is thus arran © &n Réblaced
be 1, the actual nunber stored in the nmantissa register wll
greater than 1.0. The second probl em descri bed above

the tine taken to performnultiplication operations, -has to sone extent

been sol ved by the inplenmentation of so-called "multiplication- free"

arithnmetic coders. |In conputers which enploy binary arithnetic,

mul tiplication is inplenmented as a series of shift and add operati ons.

The term "multiplication-free" has variougly been used in thezgipgart to

inply either a single shift or a single shift and add operation for each

codi ng st ep. Strictly speaking, mathematically even a single shift

operation constitutes multiplication. However, this is many orders of

magni t ude “1 ess ti-rre-cglgﬁu;ﬁur&oﬂaan the nultiplication - operations

associ at ed with preci'se Tnplenmentations of arithnetic coders involving

.multiple shift and add@perffoit®¥s. Thus, the term"multiplication-free" is
of ten used to dengh& tHat=roddiigel i cation operations are significantly

simplified or reduced, It is i i ontext. that.the term .

rrulrr}t)i plication-fr pus. H]zfs" "ébéaﬁ Oﬂg’ém Oﬁsn%f ﬁé 'p')’rtf'%rmutz'it}_ -l a!’pgaﬁesté?:l e??\alt'ﬁe :

present invention5 and it may be verified that the sum of the probabilities is equal to one, i.e:

4
Zp(i) =1 .
i=0

The cumﬁ_l_ative probabilities for each symbol are as follows:
$(0) = 0.000000
$(1) = 0.000001
S(2) = 0.000100
S(3) = 0.001010
- and  S(4) = 0.010100 ) )
- Using the method in accordance witﬁ the preferred embodiment as described
above, encode the source data string given by:
STR = b,c,e,d,a,c,b
in conjunction with 6-bit A and C registers.
Proceed as follows: '
Initialize the A register to 1.00000
and the C register to .000000 L }
It will be appreciated that the binary point is understood, the actual contents
of the A and C registers being 100000 and 000000, respectively. .
Encode first symbol b (= a): - -

K =1, i =1#m
p(1) = 000011 S(1) = 000001
C = 0.0 + 1.0 x 0.000001 = 0.000001
giving: A - C o

.000011 .000001
Normalize A and shift C:
A C
1.10000 00000.100000

[ Y RN TR N
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U S.- Patent No. 4,286,256 (Langdon, Jr. et al.) discloses BY eplaced
nmeans for arithnetic coding using a reduced nunber of opera' ﬂ " "”
sinplifies the nultiplication operation by truncating one o

6 i nner products corresponding to the wdth of the sub-interval

prior tqQ-encoding the current code-point. However, Langdon's nethod is

suitable only for

bi nary sources (i.e. al phabets containing only two

synbol s) wherein it is possible to encode each synbol of the source data
string either as a nore probable or |ess 'p;izpbabl'e event. This QEB.%‘?_%WG S

unsui tabl e for

where the binary point denotes the boundary of the C register. Thus, the
five binary bits 00000 to the left of the binary point denote the first five bits of
the resultant arithmelic code :uéhifted out of the C register, whilst the six
binary bits 100000 to the right of the binary point denote the new contents of
the C register. Note that the contents of both the A and C registers are
right-packed with zeros after the corresponding left shifts. Since the symbol
is not the end of the string STR, processing continues. Encode second

symbol ¢ (= a,):

K =1.1 i =2#m
p(2) = 000110 S(2) = 000100
C = 0.100000 + 1.1 x 0.0001 = 0.10011
giving: A C

.001001 00000.100110
Normalize A and shift C:
A C
1.00100 00000100.110000
Since this symbol is not the end of the string STR, processing continues.
Encode third symbol e (= a,): -
K = 1.001 i=4=m
p(4) = 101100 S(4) = 010100
Since i = m, A = 1.00100 - 1.001 x 0.01010 = 0.110010
C = 0.110000 + 1.001 x 0.01010 = 1.000110
Since C > 1, the leading 1 generates carry-over, giving:
A c -
.110010 00000101.000110
Normalize A and shift C:
A C
1.10010  000001010.001100

Since this symbol is not the end of the string STR, . processing continues.
Encode fourth symbol d (= a,):

K =11 i =3#m '
p(3) = 001010 S(3) = 001010

C = 0.001100 + 1.1 x 0.00101 = 0.011011
giving: A C



mul ti - & phabet codes. U. S. Patent No. 4,652, 856 ﬁvpg}ie&qlg;@eenﬁg laced
‘at.) discloses a nultiplication-free nultl-alphabet arlthnet

whi ch each sub-interval is stored in floating point format, aslmugﬂmlmll
above, such that the mantissa stored within the A register is
fraction—greater—tfan 0.1. In accordance—wth—the—approxi mation

proposed by Mhiuddin, a variable criterion is adopted which either
~truncates the mantissa of the sub-interval to exactly 0.1 (binary) or,
alternatively, rounds it up to 1. Suchan gpproxi mation still ggbiggyes the
desired conpression, but at a loss of efficiency. In other words, nore bits
than the mninmumare required for representing the conpressed data
string. The inefficiency associated with Mhiuddin's procedure depends on
the nature of the sourcggfgia bepdofRpBIRSFET. The - maj or dr awback
wi th Mohiuddin results fromthe fact that rounding up the contents of the A
regi ster approxi matosgalizefbangd Hhhi ity of the corresponding symbol to a
val ue greater than its acAual valueC 1In order to ensure that the sum(ﬁ

the probabilities for 1a1l1l|00syrr%h§01h{bot‘h@11@{](}3habet cannot exceed 1.0;

Mohi uddi n approxi mates the | ast sub-i1nterva o:
Since this symbol is not the end of the string STR, processmg continues.

Encode fifth symbol a (= a,):
K =11 i =0#m

p(0) = 000001  S(0) = 00D00O
C = 0.011000 + 0.0 = 0.011000
giving: A C
.000001 000001010011.011000
Normalize A and shift C:

A C
1.00000 000001010011011000.000000
Since this symbol is not the end of the string STR, processing continues.
Encode sixth symbol ¢ (= a,):-

K =10 i =2#m
p(2) = 000110 S(2) = 000100
C = 0.0 + 1.0 x 0.000100 = 0.000100
giving: A C

.000110 000001010011011000.000100
Normalize A and shift C:
A C
1.10000 0000010100110110000001.000000 '
Since this symbol is not the end of the string STR, processing continues.

£

Encode seventh symbol b (= a,):

K =11 i =1#m
p(1) = 000011 S{1) = 000001
C = 0.0 + 1.1 x 0.000001 = 0.000001
giving: A C

.000100 0000010100110110000001.000001
Normalize A and shift C:
A C



[ err

&

Wi | st .t his approximation ensures that theTbmﬂwgﬂhtBenR

probabilities of all synbols in the al phabet is equal to 1,
this at the expense of rendering the | ast sub-interval so s
coding is hlghly i nefficient.

-7 -
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1.00000 00000101001101100000010000.010000
Since this is the last symbol in the string STR, now shift the contents of the
‘C register left six places to produce the complete output string:
C = 00000101001101100000010000010000

Fig. 3 shows the flow of data between the registers for each of the

steps (1) to {4) of the procedure described above with reference to Fig. 2.

) Thus, during step (1) of the encoding procedure, each symbol a in
furn is exiracted from the INPUT string, a flag "END” being generated to
indicate whether or not the symbol a, is the last symbol in the INPUT string.
The symbol 3, is input to a TABLE OF PROBABILITIES which may constantly be
updated, so as to derive therefrom the probabilities p{i) and S(i}. A flag
“i=m” is also generated and indicates whether or not the symbol 3,
corresponds to the last symbol of the source alphabet.

During step (2), the contents of the A régiste’r are truncated in order
to provide the scaling factor K. '

During step (3) the values of p(i) and S(i) are muitiplied by the value of
K derived in step (2) using a single SHIFT and ADD operation, generating

‘the values K« p(i) and K« S(i), respectively, which are stored in temporary

buffers as shown. The values of A and K. S(i) are fed to a SUBTRACTOR
whose output is equal to A — K« S(i) . Likewise, the values of C and K » S{i)
are fed to an ADDER whose output is equal to C+ K. S(I) The output
A — K« S(i) from the SUBTRACTOR and the value of K. p(i) ~are fed to a
SELECT logic unit together with the value of the--flag “i=m". -The output from
the SELECT unit is equal to K + p(i) if i#m and to A — K« S(i) if i=m

Finally, during step (4) a SHIFT CONTROL unit shifts the A and C
registers until the contents of the A register lie within a specified range, when
a STOP flag is generated, thereby stopping the shift operations. The “END”
flag derived from step (1) is fed to the SHIFT CONTROL unit, so that at the

end of the INPUT string, the SHIFT CONTROL unit shifts the C register six

eilixfced



di sadvantages of the prior art. According to one asp
present invention there is provided a nethod for generating
representation of a source data string, each synbol of said string being
selected from a finite set of synmbols, conprising the steps of: (a)

gener at+ng said conpressed representation by Ri ssanen arithnetic-encodi ng
of said source synbols, said R ssanen encoding including generating for
each synbol an arithnetic representation of a successive subinterval

W thin a predetermned interval, the mnd&g of each sublntervgi 9? ng equal
to the wdth of the previous subinterval i ghted by the cur & b encoded
synbol 's frequency of occurrence; and (b) approximating the wdth of said
previ ous subinterval with a single SH FT and ADD operati on. '

It is an object of the present invention to aneliorate one ’E‘_hrs ‘WH sBeinlli:ﬁi\ced

places (6-bit A and C registers being employed), thereby emptying the C
register.  As the C register is shifted by the SHIFT CONTROL unit in
response to the STOP or END flags, the data shifted out of the C register
are concatenated in order to produce the OUTPUT STRING. Where
required, a CARRY bit is also concatenated to the OUTPUT STRING, as
explained with reference to Fig. 2 and the detailed example above.

Note.that in the example just described, the A register is normalized
such that it always lies within the range 1.0 to 2.0 ie. A e B [1,2). It will
readily be understood that the A register could be normalized between 0.1
and 1.0 (binary), or any multiple of 2 thereof, by employing exactly the same
algorithm but dividing the prababilities by appropriate multiples of 2 (or
multiplying them by appropriate multiples of the binary number 0.1).
Furthermore, in the particular example shown, carry-over occurs - when
eﬁcoding the third symbol of the source data string STR. In the example
shown, it is assumed that the resultant code is transmitted to the decodg_ar
only when all the symbols of the source data string STR have been.!eﬁcoded.
Obviously, in practice it is desired to transmit the compressed code in real
time as it is generatéd, rather than storing the concatenated string as it is
shifted out of the C register and transmitting it only when the complete
source data string STR has been encoded.

If desired,. the invention may be employed within . a modified
method wherein the approximation effected t6 K is slightly more refined.
Thus, if instead of truncating the A register after the second Pi_nary 1, it is
truncated after the third binary 1, the method can still be erﬂp‘toyed_ at the
price of a second shift and add operation: - Obviously, this refinement can be
extended even further such that in the limit the scaling factor K is exactly
equal to the contents of the A register. This represents un-approximated -
arithmetic coding. In practice, however, the method described with
reference to the figure achieves greater than 98% efficiency whilst

approximating the contents of the A register as explained.



ACCOfdtﬂg to another aspect of the present invention thergi ﬁm&&ﬁ¥hg§ﬂ %mai
met hod of generating a conpressed representation R(conp)

synbol data string STR, wherein: each source synbol is ta MMM&{ T"
set of mt 1 synbols a[err] . . a[err], said conpressed re

being a nuneric value within a given range and being generated recursively
I n successive cycles for successive synbols in the string, a probability
value p(i) and a cunul ative probability value S(i) being avail able for each
synbol a[err], said cumul ative probability val ue bei ng S(i) = p(O +
p(l) +. . . +p(i - 1) fori =1...m S(0) =0, and using a pair
of shift registers A and C each conprisinggerr] binary digit §o$Bt-00NS,

the inprovenent conprising the steps of: (a) initially setting the
contents of the C register _

The process of decoding a compressed output data string as derived in
accordance with the principles of the invention is essentially the -reverse of
encoding. Thus, initially the A register is filled with one (1.000...) and the

¢ register is filled with the first 6 symbols of the compressed string R(comp).

Each symbol of the source data string STR is now decoded successively
by determining the largest value of j such that C > K« §(j) , where K and S{j)
are the same as defined above with respect to the encoder. Having thus
determined j, the current symbol is a; , where a, ... a, is the multi-symbol

alphabet defined above.

The value of K«S(j) is _nekt subtracted from the contents of the C
register, whilst the A register is modified according to whether or notj =
If j # m, then the value of K+ p(j) is inserted into the A register. On the other
hand, if j = m, then the value of K« S(j) is subtracted from the contents of

the A register.

Finally, the A and C registers are shifted in a predetermined direction
until the contents of the A register lie with the range A € [1,2). The vacated
positions in the A register are filled with zeros, and the those in the C
register are filled with the corresponding number of maost significant digits
remaining in the compressed data string R(comp), the complete process

-béi'hg repeated until the compressed data étring R{comp) is empty. "~



to-all zeros and the contents of the A-register to a predeterm n
and for each successive synbol aferr] in.the ;&ddeternﬂ Hf,‘
scaling factor K by taking the contents bild e er and e #md”l ”m”m
all binary digits less significant than a mtu

i lue K*S(i) to the
contents of the C register; (d) deternmining the contents of the A register

-7A - predeterm ned binary one digit;—(c)
(di') if the synmbol a is not the synmbol am by inserting the value K*p(i)
into.the A

17 SZ 9-87-011

CLAIMS

; A method of generating a compressed representation R(comp) of a

source data string STR, wherein:
each symbol is taken from a finite set of m+1 symbols g, ...a,,

said compressed representation being a numeric value within a given
range and being generated recursively in successive cycles for successive
symbols in the string,

a probability value pfij and a cumulative probability value S{i) being
available for each symbol 2,

said cumulative probability value being

s(i) = p(0) + p(1) + . ¥ pl-N)fori = 1.m,

S(0) =

and using a pair of shift registers A and C each comprising w binary digit
positions,

characterized by fonowmg steps:

(a) initially setting the contents of the C register to all zeros ‘and the
contents of the A register to a predetermined value; and

for each successive symbol a; in the string:
(b) determining a scaling factor K by taking the contents of the A register

and eliminating all binary digits less significant than a predetermined binary
one digit;
(c) adding the value K+ S(i) to the contents of the C reglster
(d) determining the contents of the A register
(d1) if the symbol a, is not the symbol a, by inserting the vaule
K « p(i) into the A register, or
(d2) if the symbal a, is the symbol a,,. by subtracting the value '
K « S(i) from the contents of the A register;
(e) shifting both the A register and the C register in a predetermined
direction until the contents of the A register lie within a predetermined range.
filling the vacated positions with zeros; and

(Y if the symbol a, were not the last symbol in string STR, repeating step

(b} ta (e), or, if the symbol a, were the last symbol in string STR, shiftin

Contents of the C register by w positions in said predetermined directiony.



redi'stet, or (d2). if the synbol a is theyg¥iRelasBt& RebiacellyY SUb

e 0 e et o L A g
r |

contents of the Aregister lie within a p

nge, filling the" s

vacated positions wth zeros; and (f) if the synbol a[err] is not the |ast
synbol in string STR, repeating steps (b)-(e) or, if the synbol a[err] is
in string STR, shifting the contents of the C register by

the | ast synbol

[err] positions in said predeternmi‘ned direction; whereby the sequence of

binary digits shifted out of the C regi st

constitutes said gpgRressed

representation R(conp) of the synbol string STR . According to stil
anot her aspect of the present invention there is provided a

whereby the sequence of binary digits shifted out of the C register

constitutes said compressed representation R{comp) of the symbol string

STR.

2. Method according to Claim 1, wherein said predetermined binary
one digit is the second most significant binary one digit in the A register,

such that the scaling factor K comprises at most two binary one digits

separated by z zero digits.

3. Method according to Claim 1 or Claim 2, wherein said predetermined

value is 1.000.

4. Method according to Claim 2 including the step of:
providing the value K« p(i) or K+ S(i), respectively, by shifting the value
p(i) or S(i), respectively, through z + 1 positions towards less significant

respectively

5. Methad according to any 6ne of the preceding claims, wherein the

predetermined range is from 1.0 (binary) to 1.111.. (binary) and the
predetermined direction is such as to increase the magnitude of the contents

of the A register.

6. A method of decoding a compressed representation R(comp) of a
source data string STR, wherein: '

each symbol is taken from a finite set of m+1 symbols é;‘-.‘..a,_,,.__

said compressed representation being a numeric value ‘within a . given
range,

a probability value p{i) and a cumulative probability' value S{i) being
available for each symbol a,. '

said cumulative probability value being

S(i) = p(0) + p(1) + ... + p(i-1)fori = 1..m,

S(0) = 0.

. positions; and adding the shifted quantity to the available.value p{i) or S{i}, .



met hod of decodi ng a conpressed repr eseTntiathea hiadif Qaf a source dat a

Siirg STRwherenn: each symbo ceee il ﬂ [enZefa ﬁf lﬂﬂﬂﬂfl#lflﬂﬂlllllllll

within a given range, a probability value p(l urrul ative
probability value S(i) being available for each synbol alerr], said

cunul ative probability val ue being S(i) =p(O +p(1) +. . .+
p(i-1)fori =1 ... m S(O =0, and using a pair of shift registers

A and C each conprising [err] binary digitipositions, the inpPéPtedit
conprising the steps of: (a) initially setting the contents of the C
register to the [err] nost significant digits of the conpressed
representation R(conp), and the contents of the A register to a
predet erm ned val ue; ashdisthgcopding’ shéft regiters dsand/@ each comprising w binary digit

positions,

characterized by following steps:

(a) initially setting the contents of the C register to the w most significant
digits of the compressed representation R(comp), and the contents of the A
register to a predetermined value; and

decoding each successive symbol a; in the source data string STR by:

(b) determining a scaling factor K by f{aking the contents of the A register
and eliminating all binary digits less significa___nt than a predetermined binary
one digit; _ ﬂ |

(c) determining the largest value of | such that C > K « S(j) , where:

C is interpreted as a binary fraction with a binary point outside the C
register adjacent to the most significant binary digit therein, and a; is the
symbol output by the decoder at the current step;

(d) determining the contents of the A register

(d1) if the symbol g, is not the symbol a,, by inserting the value

K « p(j) into the A register, or
(d2) if the symbol g, is the symbol a,, by subtractmg the value .
K + S{j) from the contents of the A register;

(e) subtracting the value K « S(j) from the contents of the C register;

(f) shifting both the A register and the C register in a predetermined
direction until the contents of the A register lie within a predetermined range,
filling the vacated positions in the A register with zeros and filling the
vacated positions in the C register with the corresponding number of most
significant digits remaining in the compressed representation R(comp) and
repeating steps (b) to (f) until R(comp) is empty.

7. Method according to Claim 6, wherein said predetermined binary
one digit is the second most significant binary one digit in the A register,
such that the scaling factor K comprises at most two binary one digits

separated by z zero digits.

8. Method according to Claim 6 or Claxm 7. wherein the predeterr/mned
¥elue is.1.0000... (binary). _



synbol, a[err] in the source data strin . : X rm ni |

- factor K by taking the contents of thgl‘h Eﬁepﬁaw@g‘)kﬁ Jegl i m nﬁmmmﬂﬁ"n‘ml””"l
binary digits less significant than lllﬁﬂlﬂﬂml * € .L M s

- 7B - a predeterm ned binary one digit! ing the |argest val ue

of j such that CJerr] K*S(j), where Cis interpreted as a binary fraction
wth a binary point outside the C register adjacent to the npst
significant binary digit therein, and a[err] is the synbol output by the
decoder, at the current step; (d) determining the contents of.the A register

(d1l) if: the synbol a[err] is not the synbol am by inserting the val ue
Kp(j) into the A .

20 SZ 9-87-011

g, Method according to Claim 7, further including the step of:

providing the value K p(i) orKe S(i), respéctively, ti.f.("shifting the v.alue
p(i) or S{i), respectively, through z + 1 positions towards less sigmflcali'ut
positions, and adding the shifted quantity to .the available value p(i) or S(i),

respectively.

10 Method according to any one of Claims 6 to 9, wherein the
predetermined range is from 1.0 (binary) to  1.411... (binary) and the

predetermined direction is such as to increase the magnitude of the contents

of the A register.



regi ster, or (d2) if the synbol aferr] is the symbol am by subtracting -
the value K*S(j) fromthe contents of the A register; figJsnest PlhdBeht Réphcddne

value K*S(j) fromthe contents of the Cregister; (f) shi A
register and the Cregister in a predetermned direction I} Hﬂgumuﬁﬂ Ents
of the & register-+Hewthina—predeternined range, filli

positions in the Aregister wth zeros and filling the vacated positions
in the C regi f':]er with thedcorrespondi ng nunber of nost significant digits
remaining in e conpressed representatior, R(conp), and repeati -
(b)-(f) until R(comp) is errptyl.o yRcomP) PeRiZ g §H°PS

ABSTRACT

An improved method is disclosed for generating a compressed
representation of a source data string each symbol of which is taken from a
finite set of m + 1 symbols, a, to a, . The method is based on an arithmetic
coding procedure wherein the compressed representation is recursively
generated as successive sub-intervals within a predetermined interval. The
width of each  sub-interval is theoreti'callly equal to the width of the
previous sub-interval multiplied by the probability of the current symbol.
The improvement is achieved by approximating the width of the previous
sub-interval so that the approximation can be obtained by a single shift and

add operation using a suitable shift register.




8 i ’ BRI EF DESCRI PTI ON OF THE DRAW NGS The
invention will now be described with regard to a nethod for generating a
‘conpressed representation R(conp) of a source data string STR, each synbol
of which is taken froma finite set of ml synbols, and with reference to

t he acconpanying drawings, in which: ~ Fig/3l illustrates, for an exanple
of an ordered synbol set conprising five synbols, the probabilities and the
resulting cunul ative probabilities; Fig. 2 is a flow diagram showi ng a

codi ng procedure according to the

p{i) 5(1)
ag 0.3 0.0
a; 0.1 0.3
8.2 0.’} ) 00!‘}
83 0.1 0.8
a'u 0.1 0.9
1 1 ! 1 | 1
i T T 1 i T T T I { 1
o N J\___\,__/\ ~ /\_v_/\__v_/
0.3 0.1 ' 0.4 0.1 0.1
" I P
S(i) 0.0 0.3 0.4 0.8 0.9



N ~

invention; and Fig. 3 relates to Fig. 2 and illustrates the flow of data
bet ween regi sters when perform ng the coding procedure according to Fig. 2.
DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENT Fig. 1 shows a table
of probabilities p(i) and resutting cunul ative probabilities S(i) for an
-ordered synbol set conprising five synbols a[err] to a[err], together with
the corresponding code points Clerr] pl/atted on the unit interval [0,1). As
has been expl ai ned above, the process of recursively encodi ng successive
synbol s of a synbol set as a 3yb-interval within the unit interval, from _
the probabilities p(i) an umul ative probabilities S(i) for the synbol
ai to be encoded, is a chaxactetistic feature of arithnetic coding
procedures per -se. Ref'erring now to Filg. -2, there is shown a fl ow
di agram of an encodi ng _praocedure according to the invention. The four main
steps of the procedurq age puokered|{l to 4, inclusive, for reasons which -
w || becone apparent hel gw 1.000...

L

Determine for next symbol a(i)
updated probability p(i) and
cumulative probability S(i) —1
where S(0) = 0 and for 1 > O
S{(i) = p(0) + p(1) +.. + p(i-1)

1

Determine a scaling factor K
by eliminating all binary 1
digits from the A register|——2
less significant than the
2nd most significant binary
one digit ' R

|

C ¢« C + K.S(1i) C e C + K.S(4)
A « K.p(i) A ¢ A - K.S(m) —~—3

|

Normalize A | — a4
Shift C

Shift C left F:.
w positions |

(o)
N
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wi:th reference to Fig. 3 of the draw ngs.

is set to 1.000.

_ It
start of the procedure, the Cregister is set to 0.000 and the A register

is seen that at the

In step (1) the probability p(i) and

9 - cunulative probability S(i) are determ ned for each synbo

t he source data string STR This can
Al ternatively,

known procedures.

alerr]

be done using any one of several

in

a fixed, predeterm ned set of probability
K is then determ ned,

val ues may be enployed. A scaling factor
step (2), by taking-the contents of the A register and elimnating al

binary digits |ess
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significant‘than’the second nost significant binary 1 digit. TH&*X register
represents the width of the current sub-interval, the scaling factor K

bei ng, in effect, an approxi mation of the width of the current
.sub-interval. This width is normalized between 1.0000 (binary) and
1.1111... and the scaling factor Kis nerely an approxi mation for the val ue
of the Aregister elimnating all 1's less significant than the second.

In the description which follows, the sybols of the finite set of m+l
synbol s are designated as aferr] , a[err], . . . a[err]. The probability
and cumul ative probability for the synbol a[err] is designated p(i) and

S(i), respectivel Thus | e ﬁg% of _the

mul ti-synbol al %MHQP Qﬁ GENﬁgﬁﬁﬂgA]Cﬂwngi’ g&I@QON

8 e S LR g A ARSI ) % il
synbol in e source data stri an i) iIs adde o]
the Cregister, and the A register is set to the '_;~oduct Klerr]p(i) , if
i<m and is reduced by the product Klerr]S(m i#*T+<m Thus, where the

current s rRA@TPE encoded does not correspond to the Iast synbol a[err]
within.the multi-synbol al phabet, the A register is set sinply to the

probabi lity of Alphehprevddanéthed i@ikclbsedEor SenePRingth Einpiese ¥éptBdenfifioh OF at he

source data string each symbol of which is taken from a finite set of m + 1 symbols,

a, 1o a;,. The method is based on an arithmetic coding procedure wherein the compressed
representation is recursively generated (1) as _s_rfccessive sub-intervals within a
predetermined interval. The width of each sub-interval multiplied by the probability of the
current symbol. The improvement is .a(.:hie:ved by approximating the width of the previous
sub-interval so that the aﬁproximation can be obtained by a single shift and add operation (4)
using a suitable shift register.

Fig. 2
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A METHOD OF GENERATING A COMPRESSED REPRESENTATION
OF A SOURCE DATA STRING

FIELD OF THE INVENTION

This i_n'ventibn" relates to a method of generating a compressed
representation of a source data string.. By “compression” is meant reducing
the amount of data associated with the source data string without reducing
its mformatlon content, so that output data may be constructed having a
lower . data content than the ongmal source data, whilst still permitting the
source data m its entirety to be reconstructed. In:. partlcular the invention
relates to a’ method for high efficiency, mumphcatlon-free arithmetic
Codin_g. Anth_metlc_ c,_o__chng IS a-technique which is commonly employed in

-order to compress. da_t"__a"_ in data pro_cass_mg systems.’

- BACKGROUND OF THE INVENTION

b Such compression is réridered possible by the high degree of
" inter-correlation and non-uniform statistical distribution associated with the
symbols usually characterizing large databases. When the source data is
represented in digital form, the object of compression is to produce an output
stfing of data having fewer data biia than the original source data string.
When a statistically signiﬁcant sample of soudrce date strings are
compressed. the expected length of the compressed cutput data siring

corresponds to the “entropy” of the source data siring.



Thus, A [err] A(1 - S(m) i.e. Aferr] A(1- p(Q REHQ(AGEMENTSHE&T' m1))
i.g Aferr] Aferr] p(m, which is exactly what |s r‘,qu..cu : The

next step (4) in the algorithmis to nornmalize the A gmﬁgg%o,th t its
contents lie within a predeterm ned range. In ordgr M7 thel
contents of the Aregister are nultiplied by an apptopriate miltiblEe of 2.
This is achieved by a sinple shift operation by mpans of which the gontents

of the Aregister are shifted left by a specified . endi ng
on the present contents of the A register., The C register is then shifted
left by the same MffbeVabiloRieve gemamrssias ghsqyreardaty iss bynBeaes Yeithgy

read from thg/thhegt Toller ettt bl URisBshdar bn@f fbe GBh&mt ir? a‘ﬁogﬂlcflé’r
the source data string STR This procedure is repeated nbols in

the source denttledr ﬁwe@ﬁe&n&r&tﬂ kGapalEY | Arthreléc cGﬁﬁIfEQe t%Mt rgabpft he
C register apgsghidn %@L@e@loﬁm@np VAGinst ©b 204 §ORLAL ARt efind Oaliffmetic

previously generated code string, the resulting code string representin
the conpressedding puRrogadurestiniraguced by Rissapen wpeimits ieb€osEassiAAL of he

met hod accor mlﬂﬁ-atlﬁ’naﬂé?eddtél,v‘?fg.' 89ta each of whose symbols may be found within

a muiti-symbol alphabet.

in . order to employ an arithmetic coding procedure, it is first
necessary to determine the probability of occurrence for eeeh éymbol within
the source alphabet. Typically, the _probébilities will vary. from one source
data string to another so that if, for example, an arithmetic coding procedure
is bemg used fo compress the data correspondihg to a T.V. image,
the probabllmes of occurrence for each picture elemerit must first be
determined. This may be determined in real time or, alternatlvely, may
be predetermined statistically. However, the actual - method for determining
these probabilities is not a-feature of the present invention which 'is:
equally applica’bie regardless of how the prebabilities are determined.

H;aving determined the probabilities of occurrence for each different
symbol within the 'source alphabet, the cumulative probability for each
symbol may then-be determined. Thus, the cumulative probability, lS(1) for
the first.symbol of the data string will be equal to zero and, in general the
cumulative probability, S(n) for the n® symbol wu! be equal to the sum of the
probabilities of occurrence for each of the precedmg n-1 symbols.

Arithmetic coding procedures normally represent ‘the output data
sirmg as a blnary fraction within-the unit interval [0.1). As is explained in “An
Introduction to Arithmetic Codmg by Langdon, Jr. in the IBM Journal of
Research and Development. Volume 28. No. 2. Mezrch 1984, arithmetic coding
is related to the process of sub-dividing the unit interval. This sub-division is
achieved by marking along the unit interval cocde points C, . for each symboi
within the-soufce alphabet. each code point being equal to the sum of the

probabilities of cccurrence of the preceding symbols. The width or size A,
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a,b,c,d, e, respectively, with probabilities (in bi
p(0) = 0.000001 = 0.000011

to a4 equal

(1)
of the sub-inBerval to the right of each code point represents the
probability of occurrence of the source data string up to the corresponding
symbol (cf. Fig. 1). ' '

Consider, for example, a source data string whose alphabet
comprises symbols a, to a,, having probabilities of occurrence equal to
p(0) to p(m), respectively. If the source data string is ajaa, ... then the first
symbol a, will be encoded within the sub-interval [O,p(O))'. This represents a
first sub-interval within the original unit interval whose widjh A, i_s equal to
p(0) corresponding simply to the probability of occurrence of symbol a, .
In order to encode the second symbol a; of the source data string, its
probability of occurrence conditional on the probabi!ify of symbol a,
occurring must be determined. Furthermore, the cumulative probability
S(5) associated with the second symbol a; must be calculated. Thus, the
sub-interval corresponding to the second symbol a; is a second sub-interval
within the first sub-interval corresponding to a, . Mathematically, the width A,
of the second sub-interval is equal to p(0)«p(5) , i.e. the product of the
probabilities of occurrence of both symbols a, and a; . The starting point of
the second sub-interval within the unit interval depends on the width A, of the
first sub-interval and the cumulative probability S({5) associated with the
second symbol a, , being equal to their product A, «S(5) .

-Thus, as each symbol of the source data string is successively
encoded within the unit interval, a succession of sub-intervals is generated
each of which may be specified in terms of a speciﬁc--code point- aﬁd wfdth.
The code point for the current sub-interval corresponds to the start of the
current sub-interval within the previous interval or sub-interval. As explained
above, this .is equal to the cumulative probability associated with the
current symbol. Thus, the code point associated with the n* sub-interval
will be equal to the width of the n — 1" sub-interval multiplied by the
cumulative probability of the preceding n-1 symbols, i.e. A,S(n) . The width of
the new sub-interval itself will be equal to the product of the probabilities
of all symbols (including the current one) so far encoded, ie.
P(0) » p(5) « p(3)... for the above source data string. The data corresponding to
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11 p(2) = 0.000110 p(3) = 0.001010 |apgpy ack

SieeF01 100
Thys, the nunber of synbols, mtl, in the nulti-syg$t S egual to
5 and it may be verifi-ed that the sum of the prob%bflities is equfl {to one,
i . e: _ herr] The ZHAEB M7
probabilities for each synbol are as foll ows: S(O = 0.0000p0}
S(1) = 0.000001 S(2) = 0.000100 '

the width A, and code points C, of ‘the n* sub-interval thus encode the first

n+1 symbols in the source data string. Arithmetic coders therefore require

two memory registers, usually called the A and C registers, for storing

these data.

Since. the width of the sub-interval is equal to a product of

- probabilities, two factors emerge. First, as more symbols of the source data

string are encoded, the width of the sub-interval defining the arithmetic code
representation  will decrease (since each individual probability must
necessarily be smaller than 1); and, furthermore, the process of arithmetic
coding requires a succession of multiplication operationg for its effective

implementation.

Although  arithmetic coders. produce optimum compression,
corresponding to the entropy of the source data string, when based on
the exact probabilities of occurrence of the symbols constituting the data
string, in fact prior implementations of arithmetic coding procedures have
tended to introduce approximations on account of the difficuity in
determining the exact probabilities. Such appfoximations reduce the
efficiency of the arithmetic coding operation and result in an putput. data
string being generated which has more symbols than the ‘theoretical
minimum, or entropy. Moreover, further approximations have been
introduced in order to eliminate the multiplication operation, which is
required for determining the width of each successive sub-interval.

Arithmetic coders are implemented on computers whose memory
registers contain a finité riumber of bits. One problem associated with
multiplication results from the fact that, since the successive multiplication of

probabilities always produces smaller and smaller intervais, after only a few

- Such multiplications the resulting sub-interval may be too small to be

satisfactorily stored in the computer register. For example, if each register
has 16 bits, and the muitiplication of successive probabilities results in. a
Number smaller than 2-16 , this number will underflow the register. In other
words, the register will be full of zeros, the significant bits of the probability



S(3) =* 0. 001010 and S(4) = 0.010100 Using the
the preferred enbodi nent as “descri bed above, enc détEPh‘tﬁEMBNﬂ'cﬂiEﬂt
gi ven by: STR = b,c,e,d,a,c,b in conjunctign -0 tT—A3n
regi sters. Proceed as follows: Initializethe A red é? Fégﬁg‘f)oco and
the Cregister to .000000 It wll be appreciated |t jat*th peint is
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000000, respectivel y. Encode first synbol b (= a[err])

i=1[err]m z) 000011 S(1) 0000 - 1.0 X
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The first of the above drawbacks has been solved using a technique
called normalization, whereby the probability product is stored in floating
point notation. In order to do this, a further bit register is employed for
storing the exponent (to base 2) for the width of the sub-interval, when the
most significant 1 of the binary fraction is shifited to the extreme left-most
position. Thus, the binary fraction 1.0101 x 2% which clearly cannot be
stored- in a 16-bit register, may satisfactorily be stored as 1.0101E-20,
wherein the mantissa and the exponent are stored in separate registers.'
Since the most significant bit of the mantissa is thus arranged"always to be 1,
the actual number stored in the mantissa register will always be greater than
1.0.

The second problem described above and related to the time taken
to perform muitiplication operations, has to éome extent been solved _by_the
implementation of so-called “multiplication- free” arithmetic coders. In
computers which employ binary arithmetic, multiplication is implemented as a
series of shift and add operations. The term “multiplication-free” has
variously been used in the prior art to imply either a single shift or a single
shift and add opération for each coding step. 'Strictly speaking,
mathematically even a single shift operation constitutes multiplication.
However, this is many orders of magnitude less time-consuming than the
multiplication operations associated with precise implementations of
arithmetic coders involving multiple shift and add operations. Thus, the
term ”m(xltiplication-free” is often used to denote that multiplication operations
are significantly simplified or reduced. It is in this context that the term

“multiplication-free” has been used in the prior art and is used in the present
invention.

U.S. Patent No. 4,286,256 (Langdon, Jr. et al.) discloses a method
and means for arithmetic coding using a reduced number of operations.

Langdon sxmplmes the muitiplication operation by truncating one of the



12 *where the binary point denotes the boundary, | . Thus,
the five binary bits 00000 to the left of the bi rBEPbMEMEI\HeBHEEﬂ'the first
five bits of the resultant arithmetic code shifted pur—ofr—thet egi ster,
whil st the six binary bits 100000 to the right of} tih ?EEéy ert denot e
co B bt
i 1

the new contents of the Cregister. Notéfthat the the A
and C registers are right-packed with zeros aftgr | g |eft
shifts. Since the synbol is not the end of the stiri ng STR proce55| ng
continues. Encode second synbol c (=aferr]) 1
'1 12£66r00011nneb é@&i’ftsgi \%%%rgespond}gg to {hze)C wrg%)l&othe sub- ln?erva? ;}l%’roqg *
encoding the current code-point. However, Langdon’s method is suitable

only for binary sources (i.e. alphabets containing only two symbols)
wherein it is possible to encode each symbol of the source data string either
as a more probable or less probable event. This procedure is unsuitable for

multi-alphabet codes.

U.s. Patent No. 4,652,856 (Mohiuddin et al) discloses a
multiplication-free multi—alphabef arithmetic code in which each sub-interval
is stored in floating point format, as explained above, such that the
mantissa stored within the A register is a binary fraction greater than 0.1.
In accordance with the approximation proposed by Mohiuddin, a
variable criterion is adopted which either truncates the mantissa of the
sub-interval to exactly 0.1 (binary) or, alternatively, rounds it up to 1. Such
an approximation still achieves the desired compression, but at a loss of
efficiency. In other words, more bits than the minimum are required for
representing the compressed data string. The inefficiency associated
with Mohiuddin’s  procedure depends on-the nature of the source data beiﬁg
compressed.

The major drawback with Mohiuddin results from the fact that rounding
up the contents of the A register approximates the probability of the
cbrresponding symbol to a value greater than its actual value. In order to
ensure that the sum of the probabilities for all symbols in the alphabet
cannot exceed 1.0, Mohiuddin approximates the last sub-interval to:

m—1
Am)=1- ) p() .

i=0
Whilst this approximation ensures that the sum of the probabilities of
all symbols in the alphabet is equal to 1, it can achieve this at the expense of

rendering the last sub-interval so small that the coding is highly inefficient.



. 001001 00000. 100110 Normalize A and shift C C

1. 00100 -00000100'110000 St nce- t-his--synbol is not aelstring
STR, processi ng cont*ﬂ : ode thlrd synbol e{(F a4): Ki=11. 001

i =4 =m eace S(4) 3 Q1RAFEBRY i [=|lm A
100100 - 1.001 X o o 7 cl=|o. 1120000 + 1. 001 x

0. 01010 = 1. 000110 SI Ieading 1 gerjerates carry-over | giving:
A 110010 00000101 000110 NQmeJ4a14LJunL4iuft C

A 1.10010 000001010. 001100 Since this synbol is not

t he end of the string STR, processing continues. Encode fourth synbol d (=
alerr]): K=1.1 I =3[err]m p(3) = 001010

S(3) = 001010 C = 0.001100 + 1.1 x 0.00101 = 0.011011 giving: A
C

SUMMARY OF THE INVENTION

It is an object of the invention to provide a method for high efficiency,
multiplication-free arithmetic coding wherein the disadvantages associated
with prior art methods are significantly reduced or eliminated.

According to the invention, there is provided a method of generating a
compressed representation R(comp) of a source data string STR, as defined in
Claim 1, and a method of decoding a compressed representation R(comp) of a

source data string STR, as defined in Claim 6.

Thus, in accordance with the invention, each symbol within the
source data string STR is successively coded, thé representative
compressed 'code thereof being shifted out of the C register for post
processing as - reqﬁired. . Typically, the compressed data which is
successively read from the C register is transmitted to a suitable decoder
which decodes the compressed string so as to reconstruct the original source
data string STR. In common with the prior art arithmetic encoders referred
to above, tl'.ie method according to the invention is a first-in-first-out (FIFO)
routine, whereby the first symbol in the source data string STR is also the first

symbol to be encoded.

In a préfékred embodiment, the A register is initialized to a value of

1.000, the compressed arithmetic code then being a value between 0 and 1.

Since each symbol within the source data string STR is encoded
successively, it may occur that the code developed for subsequent symbols
of the source data string STR will affect the code already generated for a
previous symbol, owing to the effect of “carry over”. The effect of carry over
is well known in the literature, several solutions to the problem having
been published, any one of which may suitably be used in conjunction with

the proposed invention.
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A, C 1.11100 000001010011 O} REFOAGEMEN SHEFST synbol i's
not the end of the string STR processing conti ues. Encode TTf tth synbol
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BRIEF DESCRIPTION OF THE DRAWINGS

~ The invention will now be described with regard to a method for

generating a cbmpressed representation R(comp) of a source data string
STR, each symbol of which is taken from a finite set of m+1 symbols, and
with reference to the accompanying drawings, in which:

Fig. 1 illustrates, for an example of an ordered symbol set comprising five
symbols, the probabilities and the resulting cumulative probabilities;

Fig. 2. is a flow diagram showing a coding procedure according to the
invehtion; and ' '

Fig. 3 relates to Fig. 2 and illustrates the flow of data between registers

when performing the coding procedure according to Fig. 2.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENT

Fig. 1 shows a table of probabilities p(i) and resulting cumulative
probabilities S(i) for an ordered symbol set comprising five symbols a, to a,,
together with the corresponding code points C, plotted on the unit interval
[0,1). As has been explained abdve, the process of recursively encoding
successive symbols of a symbol set as a sub-interval within the unit interval,
from the probabilities p{i) and the cumulative probabilities S(i) for the symbol
ai to be encoded, is a characteristic feature of arithmetic coding procedures

per se.

Referring now to Fig. 2, there is shown a flow diagram of an encoding
procedure according to the invention. The four main steps of the procedure
are numbered 1 to 4, inclusive, for reasons which will become apparent below

with reference to Fig. 3 of the drawings.

It is seen that at the start of the procedure, the C register is set to

0.000 and the A register is set to 1.000. In step (1) the probability p(i) and
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A procedures. Alternatively, a fixed, predetermined set of probability values
may be employed. A scaling factor K is then determined, as shown in step (2),
by taking the contents of the A register and eliminating all binary digits less
significant than the second most significant bina'ry 1 digit. The A register
represents the width of the current sub-interval, the scaling factor K being,
in effect, an approximation of the width of the current sub-interval. This
width is normalized between 1.0000 (binary) and 1.1111... and the scaling
factor K is merely an approximation for the value of the A register eliminating

all 1’s less significant than the second.

In the description which follows, the symbols of the finite set of
m+1 symbols are designated as a, , a;, ... &, The probability and
cumulative probability for the symbol a, is designated p(i) and S(),
respectively. Thus, if, for example, the eighth symbol of the multi-syrhbol
alphabet is “h”, then a; = h and the respecti\;e probabilities are p(8) and
S(8).

Step (3) shows that for each symbol in the source data string STR the
product of K and S(i) is added to the C register, and the A register is set to
the product K« p(i) , if i<m and is reduced by the product K. S(m) if i=m
Thus, where. the current symbol to be encoded does not correspond to the
last symbol a,, within the multi-symbol alphabet, the A register is set simply to
the probability of the current symbol times K, being an approximation for the
width of the current sub-interval. On the other hand, when the current
symbol to be encoded corresponds to the last symbol of the alphabet, the
value of the A register is reduced by the product of K times the cumulative
probability of the last symbol of the alphabet. This compensates for the fact
that the probabilities p(i) are only approxihate and, in effect, ensures that the
sum of the probabilities of all the symbols in the multi-symbol alphabet is
equal to 1. This follows since for the m™ symbol of the alphabet:

A—A-KeSm)
and since K is an approximation for A,



. 000100 0000010100110110000001. 000001 Normali ze -%ERILASEMENT GHEET

A . . C . —— 14

1. 00000 00000101001101100000010000. 010000 Since thysti I slynbol in
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the string STR, now shift the contents gfg the C repi pllaces to
produce the conpl ete output string: C= S
00000101001101100000010000010000 Fig. 3 shows the flow of data

between the registers for each of the steps (1) to-(t#A)y—of—tie—precedure
descri bed above with reference to Fig. 2.
A—A-A«Sm)

Thus,A +— A(1 - S(m)) _

ie. A« A(1-p(0) + p(1) + .. + p(m-1))
i.e. A<« Aep(m),

which is exactly what is required.

The next step (4) in the algorithm is to normalize the A register so that
its contents lie within a predetermined range. In order to do this, the
contents of the A register are multiplied by an appropriate multipie of 2.
This is achieved by a simple shift operation by means of which the contents of
the A register are shifted left by a specified number of bits depending on the
present -contents of the A register. The C register is then shifted left by
the same number of bits, the most significant bits thereof being read
from the C register and constituting part of the arithmetic code for the
source data string STR. This procedure is repeated for all symbols in the
source data string STﬁ and, on completion, the complete contents of the C
register are shifted out ;;f the C register and concatenated to the previously
generated code string, ﬁ1e i*esulﬁnQ cbde string representing the compressed
output data string.

It will thus be seen that the method according to the invention
generates a compressed output data string recursively for each symbol
within the source data string STR. As the code is generated, it is shifted out
of the C register whilst, at the same time, normalizing the A register.

The method according to the invention will perhaps best be understood

with reference to the following example.

EXAMPLE
A source data string is to be derived from a 5 symbol aiphabet having
symbols a, to a, equal to a,b,c,d,e, respectively, with probabilities (in binary)
as follows:

p(C) = 0.000001

p(1) = 0.000011



Thus, Wuring step (1) of the encoding procedure, ea
is,extracted fromthe INPUT string, a flag "END' be
i ndi cat e whet her ‘or not the synbol a[err] is the |apt
string. The synbol a[err] is input to a {fABLE CF PR
constantly be .updated, so as to derive therefromth
S(i). Aflag "i=nf is also generated and indicate
symbol a[err] corresponds to the |ast synbol of the
Buring step (2),. the contents of the A register are-
provi de the scal ipfd) r‘-‘a@tﬁﬂﬂ”@ During step (3) the values of p(i)
and S(i) are rrultdg:) e value of K derived in step (2) using a

single SH FT and A op eraplo generating the values K [err] p(i) and K
[err] S(i), anespgut) v=e|0yl,01\mnch are stored in terrporary buf fers as shown.

Th | nd, ¢ |
cqual to A TRt n&rbft ok g€ { foin e sl Breeen e kNERE ¢ R .
fed to an ARG ivimose beuxeputedlmaemmbumo@ﬂ-nerr[cﬂiab]ihtS;‘és is edinsl toudmpeyti.e:
A-Klerr] S(i) fromthe SUBTRACTOR and the value of Klerr]p(i) are fed to a

AB

‘ ?&E#Ms g(lrr;ayand

4
Zp(i) =1

i=0

The cumulative probabilities for each symbol are as follows:
S(0) = 0.000000
S{1) = 0.000001
S(2) = 0.000100
S(3) = 0.001010
and S(4) = 0.010100
Usmg the method in accordance with the preferred embodiment as described
above, encode the source data string given by:
STR = b,cedach
in conjunction with 6-bit A and C registers.
Proceed as follows:
Initialize the A register to 1.00000
and the C register to .000000
It will be_ appreciated that the binary point is understood, the actual contents

of the A and C registers being 100000 and 000000, respectively.
Encode first symbol b (= a,):

K =1, i =1#m
p(1) = 000011 S(1) = 000001
C = 0.0 + 1.0 x 0.000001 = 0.000001
giving: A C '

000011  .000001
Normalize A and shift C:
A C

110000 00000.100000
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fromthe SELECT.unit is equal to K [err] p(i) if i[erfImant—To A=

S(i) if i =
the A and C

specified range, when a STOP flag is generated, thefel

oper ati ons.
CONTROL uni t,
unit shifts
- 17 -

for generati

m Finally, during step (4) a SH -thgl}{ewm
registers until the contentsqef the A regls 5™ thyn

The "END' flag derived fromstep (1) isjfed to the SH FT

but

Jerr]

Khifts

Bhift

so that at the end of the I NPUT stringtie—SHFF—CENTRCL

the C register six

where the binary point denotes the boundarﬁloﬁltlds C register. Ahpsf hbe
v% S’in%Py”BEtg%%%ﬂortS Qﬁgﬁgﬁ'toﬂﬁé) Bir ryaposiR{rj HeRofd ’(ﬁeshrstnﬂw bits of

the resultant arithmetic code shifted out of the C register, whilst th

e six

binary bits 100000 to the right of the binary point denote the new contents of

the C register. Note that the contents of both the A and C registers are

right-packed with zeros after the corresponding left shifts. Since the symbol

is not the end of the string STR, processing continues. Encode second

symbol ¢ {= a,):

K =11 i =2#m
p(2) = 000110 S(2) = 000100
C = 0.100000 + 1.1 x 0.0001 = 0.10011
giving: - A C

.001001 00000.100110
Normalize A and shift C:
A C

1.00100 -00000100.110000

Since this symbol is not the end of the string STR, processing continues.

Encode third symbol e (= a,):
K = 1.001 i=4=m
p(4) = 101100 S(4) = 010100
Since i = m, A = 1.00100 - 1.001 x 0.01010 = 0.110010
C = 0.110000 + 1.001 x 0.01010 = 1.000110
Since C > 1, the leading 1 generates carry-over, giving:
A : C
110010 00000101.000110
Normalize A and shift C:
A C _
1.10010 000001010.001100

Since this symbol is not the end of the string STR, processing continues.

Encode fourth symbol d (= ay):
K =1.1 i =3#m
p(3) = 001010 S(3) = 001010

C = 0.001100 + 1.1 x 0.00101 = 0.011011
giving: A C



each synbol of said string being selected froma fini
conprising the . steps of: (a) generating saifd
representation by Rissanen arithnetic encodi ng of saf
sai d Rissanen encoding including generatinggfor each.
representation of a successive subinterval within a p
the wdth of each subinterval being equal to the wd
subi nterval weighted by the currently encoded synbol {Ls_frequency of
occurrence; and (b) approximating the width of said previous
subinterval wth a sio9dhe1 SH FO008040KDDI tgddr at i on. 2. In a nethod
of generating compressed, representation R(conp) of a source synbol data
string STR, V\H‘g‘?ri 'ze.aand SKR €

FACEMENT SHEET |

dl source synboljs,

yjb212 REB WeVt Hindt i ¢
edet er m ned i ntlerjval ,
P
S
S

Of tne previ ous

A C
1.11100 000001010011.011000
Since this symbol is not the end of the string STR, processing continues.

Encode fifth symbol a (= a,):
K =11 i =0#m
p(0) = 000001 S(0) = 000000

C = 0.011000 + 0.0 = 0.011000
giving: A C
.000001 000001010011.011000
Normalize A and shift C:
A C

1.00000 000001010011011000.000000
Since this symbol is not the end of the string STR, processing continues.

Encode sixth symbol ¢ (= a,):

K =10 i =2#m
p(2) = 000110 S(2) = 000100
C = 0.0 + 1.0 x 0.000100 = 0.000100
giving: A C

.000110 000001010011011000.000100
Normalize A and shift C:
A C
1.10000 0000010100110110000001.000000
Since this symbol is not the end of the string STR, processing continues.
Encode seventh symbol b (= a,):

K =11 i =1#m
p(1) = 000011 S(1) = 000001
C = 0.0 + 1.1 x 0.000001 = 0.000001
giving: A C -

000100 0000010100110110000001.000001 -
Normalize A and shift C:
A C



each sburce synbol is taken froma finite set of REPIACEMENE SHEEFr] . .
aferr], sai d conpressed representation bei : | “Hel wi t hin
a given range and being generated recursively i njsfic bs) for
successive synbols in the string, 14 probabjl | ahd a
cunul ative probability value S(i) being availabl eff - plerr],
said cunmul ative probability val ue being S(§) = p(O + p(1) +. . . +
p(i - 1) for i =1 ...m S(0) = 0, T ' [ shift

registers A and C each conprisin [erq bi nara/
i nprovenent conpr i $iG{P00hLAH0EHATLH 101100000010000. {0000

Since this is the last symbol in the string STR, now shift the contents of the

positions, the

C register left six places to produce the complete output string:
C = 00000101001101100000010000010000

Fig. 3 shows the flow of data between the registers for each of the
steps (1) to (4) of the procedure described above with reference to Fig. 2.

Thus, during step (1) of the encodin_g' procedure, each symbol g, in
turn is extracted from the INPUT string, a flag “END” being generated to
indicate whether or not the symbol a, is the last symbol in the INPUT string.
The symbol a, is input to a TABLE OF PROBABILITIES which mé'y constantly be
updated, so as to derive therefrom the probabilities p(i) and S(i). A flag

”

“i=m” is. also generated and indicates whether or not the symbol g

corresponds to the last symbol of the source alphabet.

During step (2), the contents of the A register are truncated in order
to provide the scaling factor K. ' |

Durihg step (3) the values of p(i) and S(i) are multiplied by the value of
K derived in step (2) using a single SHIFT and ADD operation, generating
the values K+ p(i) and K+ S(i), respectively, which are stored in temporary
buffers as shown. The values of A and K. S(i) are.fed to a SUBTRACTOR
whose output is equal to A — K« S(i) . Likewise, the values of C and K« S(i)
are fed to an ADDER whose output is equal to C+Ke«S(i). The output
A — K« S(i) from the SUBTRACTOR and the value of K«p(i) are fed to a
SELECT logic unit together with the value of the flag “i=m". The output from
the SELECT unit is equal to K » p(i) if ism and to A — K+ S(i) ifi=m.

Finally, during step (4) a SHIFT CONTROL unit shifts the A and C
registers until the contents of the A register lie within a specified range, when
a STOP flag is genérated, thereby stopping the shift operations. The “END”
flag derived from step (1) is fed to the SHIFT CONTROL unit, so that at the
end of the INPUT string, the SHIFT CONTROL unit shifts the C register six



(a) inftially setting the contents of the C regi>tﬁqu9E NT 38EPP |and the
contents of the A register to a predeterm ned ;) : agh
successive synbol a[err] in the string: : _
-18 - (b) determining a scaling factor K py]t2id f§B:87cntlent s of
the Aregister and elimnating all bindPy digitk |ess significdnt] than a
predeterm ned binary one digit; (c) addiphg the value K*S(i) to the
contents of the C register; (d) determn

regi ster

places (6-bit A and C registers being employed), thereby emptying the C
register. As the C register is shifted by the SHIFT CONTROL unit in
response to the STOP or END flags, the data shifted out of the C register
are concatenated in order to produce the OUTPUT STRING. Where
required, a CARRY bit is also concatenated to the OUTPUT STRING, as
explained with reference to Fig. 2 and the detailed example above. -

~ Note that in the example just described, the A register is normalized

- such that it always lies within the range 1.0 to 2.0 i.e. A € B [1,2). It will
readily be understood that the A register could be normalized between 0.1
and 1.0 (binary), or any multiple of 2 thereof, by employing exactly the same
algorithm but dividing the probabilities by appropriate multibles of 2 (or
multiplying them by appropriate multiples of the binary number 0.1).
Furthermore, in the particular example shown, carry-over occurs when
encoding the third symbol of the source data string STR. In the example
shown, it is assumed that the resultant code is transmitted to the decoder
only when all the symbols of the source data string STR have been encoded.
Obviously, in practice it is desired to transmit the compressed code in real
time as it is generated, rather than storing the concatenated string as it is
shifted out of the C register and transmitting it only when the complete

source data string STR has been encoded.

if desired, the invention may be employed within a modified
method wherein the approximation effected to K is slightly more refined.
Thus, if instéad of truncating the A register after the second binary 1, it is
‘truncated after the third binary 1, the method can still be employed at the
price of a second shift and add operation. Obviously, this refinement can be
extended even further such that in the limit the scaling factor K is exactly
equal to the contents of the A register. This represents un-approximated
arithmetic coding. In practice, however, the method described with
reference to the figure achieves greater than 98% efficiency whiist

approximating the contents of the A register as explained.



(dl') if the synbol a is not the synbol a[err] by hE l\ﬁth ue Kp(i)
inte -the A register, or (d L%_s.)mgul ais the
synbol am by subtracting the value K*S(i) from t he doritents of
the A register; (e) shifting botg the A rggj se& FEBJI9FRe |Ciregi ster
in a predetermned direction wuntil the Bntents pflthe A registgr jlie
within a predetermned range, filling the vacated] positions wth Zeros;
and (f) if the synmbol a[err] is not the |hst_synbal in strilng- STR

repeating steps (b)-(e) or, if the synbol aferr] is the last synbol in
string STR, shiftTrg ﬂrb@es‘soﬂﬁ 88¢sdifh 4 Bempres st %h%utbd’atkeétﬁ}mgpéésbiahggé ihn

sai d predeterm ned di rectlon V\/nereé t he sequence of binary d
shifted out ascordanee wilhi tbedpringinlas; t”@s"ﬁ@"&!on is essentially the reverse of

encoding. Thus, initially the A register is filled with one (1.000...) and the
C register is filled with the first 6 symbols of the compressed string R(comp).

Each symbol of the source data string STR is now decoded succeésively
by determining the largest value of j such that C> K« S(j) , where K and S(j)
are the same as defined above with respect to the encoder. Having thus
determined j, the current symbol is a, , where a, ... a,, is the multi-symbol

-alphabet defined above.

The value of Ke«S(j) is next subtracted from the cont.énts of the C
register, whilst the A register is modified according to whether or notj =
If j # m, then the value of K p(j) is inserted into the A register. On the other
hand, if j = m, then the value of K« S(j) is subtracted from the contents of

the A register,

Finally, the A and C registers are shifted in a predetermined direction
until the contents of the A register lie with the range A € {1,2). The vacated
positions in-the A register are filled with zeros, and the those in the C -
register are filled with the corresponding number of most significant digits

~remaining in the compressed data string R(comp), the complete process
being repeated until the compressed data string R(comp) is empty.



R | st ; — 1 The
met hod according to claim 2,  JIBIMN] Iﬂﬂuﬂlﬁﬂ'ﬂﬂet e REHAGEMENT SHEET | i i ¢
i s the second nost significant *bi harkl che®didit irf tthe A register] $uch
that the scaling factor Kconpri ses at m)st two Wi nard2dFEB 4997 t $

separated by z zero ;04 hgéﬂasBeenR ¥he method Jagcording to cl fip 2,
wherein said predeter 1 000. he mernod—acgor di ng
to claim3, wherein sﬂlll

her i ncl udes e step of:
provi ding the value K respectlvely, by shifting the val ue
p(i) or S(i), respectively, through 2 ,? gsitions towards |ess
significant positions, and adding the shitted quantity to the avail abl e
value p(i) or S(i), respectively.

’ A method of generating a compressed representation R(comp) of a

source data string STR, wherein:
each symbol is taken from a finite set of m+1 symbols a, ...a,,

said compressed representation being a numeric value within a glven
range and being generated recursively in successive cycles for successive
symbols in the string,

a probability value pfi} and a cumulative probability value S(i) being
available for each symbol 2.,

said cumulative probability_value being

s(i) = p(0) + p(1) + ... + p(i-1)fori = 1..m,

S(0) = 0, |

and using a pair of shift registers A and C each comprising w binary digit
‘positions,

characterized by following steps: !

... (@) initially setting the contents of the C register to all zeros and the
%:onténts of the A register to a predetermined value; and
" for each successive symbol g in the string:

(b) determining a scaling factor K by taking the contents of the A register
‘and eliminating all binary digits less significant than a predetermined binary
Lone digit;

e} addmg the value. K » S(i) to the contents of the C register;

(d) determining the contents of the A register

(d1) if the symbol a, is not the symbol a,, by inserting the vaule
K » p(i) into the A register, or

(d2) if the symbol a, is the symbol a,, by subtracting the value
K « S(i) from the contents of the A register;

(e) shifting both the A register and the C register in a predetermined
direction until the contents of the A register lie within a predetermined range,
filling the vacated positions Wwith zeros; and |

() if the symbol a, were not the last symbol in string STR, repeating step
(b) to (e), or, if the symbol a, were the last symbol in string STR, shiftin e
Contents of the C register by @ positions in said predetermined directiorny
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directionis-suech— as to-increade ¢the ragriitade o

regi ster.

finite set
representa

N8
R( conp) oT‘“ stri ng STR, wh ich '
s aferr]. . . a[err], spid conpressed
t meric valuevvlthlnaglvnrﬁmrm

C Emesn gldekt erm ned

. it @r m ned
he contents of jthe A
e22FEBeIMEsdntiat i on

synmbol is tgkgn froma

nethod of decog#ng a co
ein: epc

whereby the sequence of binary digits shifted out of the C register
constitutes said compressed representation R(comp) of the symbol string

STR.

2. Method according to Claim 1, wherein- said predetermined binary
one digit is the second most significant binary one digit in the A register,
such that the scaling factor K comprises at most two binary one digits

separated by z zero digits.

3. Method according to Claim 1 or Claim 2, wherein said predetermined
value is 1.000. - -
4, Method according to Claim 2 including the step of:

providing the value K« p(i) or K S(i), respectively, by shifting the value
p(i) or S(i), respectively, through z + 1 positions towards less significant
positions, and adding the shifted quantity to the available value p(i) or S{i),

respectively

5. - Method according to any one of the preceding claims, wherein the
predetermined range is from 1.0 (binary) to 1.111... (binary) and the
predetermined direction is such as to increase the magnitude of the contents

of the A register.

6. A method of'decodin_g a compressed representation R(comp) of a
source data string STR, wherein:
each symbol is taken from a finite set of m+1 symbols a, ...a,,
said compressed'repr'esentation being a numeric value within a given
range, ' o
a probability value p(i) and a cumulative probability value S(i} being
available for each symbol a,, ;
said cumulative probability value being
S(i) = p(0) + p(1) + ... + p(i-1) fori = 1..m,
S(0) = o,



a probabil

L oy e o) e TN R G oA ERT SHEBT L% e g

S(i) =p(O +p(I) +. . . +pti £1) fors =1 ..1 & S(O1 50,

and usi Ngyas iRl HadleeSRéplatedr €0i sters A and C each conpriZz2iREB 8997] pi pary

digit Tl t he i nprovenent 1Eorrpri sin he steps of:

(a) mmw‘“ﬂ@ﬂmm‘ﬂa llte contents of the Cregisfter to the [err] npst
t .

significan
contents o

e conpressed representati
f the Aregister to a predeterm ned val ue; and

and using a pair of shift registers A and C each comprising w binary digit'

positions,

characterized by following steps:

(a) initially setting the contents of the C register to the w most significant
digits of the compressed representation R(comp), and the contents of the A
register to a predetermined value; and .

decoding each successive symbol a; in the source data string STR by:

{b) determining a scaling factor K by taking the contents of the A register
and eliminating all binary digits less significant than a predetermined binary
one digit;

(c) determining the largest value of j such that C > K« S(j) , where:

C is interpreted as a binary fraction with a binary point.outside the C
register adjacent to the most significant binary digit therein, and a; is the
symbol output by the decoder at the current step; '

(d) determining the contents of the A register

{d1) if the symbol g, is not the symbol a,, by inserting the value

K ¢ p(j) into the A register, or
- (d2) if the symbol a, is the symbol a,,, by subtracting the value -
K » S(j) from the contents of the A register;

(e) subtracting the value K « S(j) from the contents of the C register;

(f) shifting both the A register and the C register in a predetermined
direction until the contents of the A register lie within a predetermined range,
filling the vacated positions in the A register with zeros and filling the
vacated -positions in the C register with the corresponding number of most
significant digits remaining in the compressed representation R(comp), ‘and
repeating steps (b) to (f) until R(comp) is empty.

7. Method according fo Claim 6, wherein said predetermined binary
one digit is the second . most significant binary one digit in the A register,
such that the scaling factor K comprises at most two binary one digits
separated by z zero digits.

| 8 . Method according to Claim 6 or Claim 7, wherein the predeteryiﬁled
:16.1,0000... (binary).




decodi ng each successi ve synbdl ' ourc T

(b) *determ ning a scaling facﬂﬂ'ﬂmm,'mmgﬂ‘m;e co eSHERTe
and elimnating all binary didit$ | essssi £1cant fthan a predetertf
binary one digit; . .__(c) determining the |argest| val p@ pggiepcl

Cerr]K*S(j), where Cis interpreted asog binary frjagtion with a bifn
poi nt outside the C rEsgiShtceHasdBel ladedt O t he nost | grrfrecamt—btnratry
therein, and aferr] is t put by the decdder at the curren
st ep;- (d) deter tents of the A register .

g. Method according to Claim 7, further including the step of:

providing the value K« p(i) or K«S(i), respectively, B¥shifting the value
p(i) or S(i), respectively, through z + 1 positions towards less significant
positions, and adding the shifted quantity to thé available value p(i)'br S(i),
respectively.

10. Method according to any one of Claims 6 to 9, wherein the
predetermined range is from 1.0 (binary) to 1.111... (binary) and the
predetermined direction is such as to increase the magnitude of the contents
of the A register. o
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- 2Q g ¢ (dl') if the synbol a[err] is not the synbol am by
‘ins&rting the value K*p(j) into the A register, or

(d2) if the synbol a[err] is the synbol am by subtracting the value K*S(j)
from ~the contents of the A register; ~(e) subtracting the
value K*S(j) fromthe contents of the C register; (f) shifting both
the Aregister and the Cregister in a predetermined direction until the

contents of the A register | ieg&MM%WNrange, filling the
vacated positions in the Are ' 1 ling the vacated
positions in theyt ' i espondi er_of t

si gni ficant di glq%s% érg%g?%fé]fgth}é"rﬁr %?épglg%p%@s@e%?e%g%? gg‘% t 2095 ﬁ%@gwe,s %nd
repeati ng stﬁgﬁrigpmgf) until R(conp) is enpty.

According to one aspect of the present invention there is provided a method for
generating a compressed representation of a source data string, each symbol of said
string being sclected from a finite set of symbols, comprising the steps of:
(a) generating said compressed representation by Rissanen arithmetic encoding of said
source symbols, said Rissanen encoding including generating for each symbol an
arithmetic representation of a successive subinterval within a predetermined interval, the
width of each subinterval being equal to the width of the previous subinterval weighted
by the currently encoded symbol's. frequency of occurrence; and (b) approximating the
width of said previous subinterval with a single SHIFT and ADD operation.

According to another aspect of the present invention ther¢ is provided a method of
generating a compressed representation R(comp) of a source symbol data string STR,
wherein: each source symbol is taken from a finite set of m-+1 symbols ag . . a,,, said
compressed representation being a numeric value within a given range and being
generated recursively in successive cycles for successive symbols in the string, a
probability vélue p(i) and a cumulative pfobability value S(i) being available for each
symbol a;, said cumulative probability value being

S@) =pO) +p)+...+pl-Dfori=1...m,

S©0) =0,
and using a pair of shift régisters A and C each comprising o binary digit positions, the
improvement comprising the steps of: (a) initially setting the contents of the C register
to all zeros and the contents of the A regisier to a predetermined value; and for each
successive symbol a; in the string: (b) determining a scaling factor K by taking the

contents of the A register and eliminating all binary digits less significant than a

REPLACEMENT SI—_;EETS SG IS
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FChins)  peged.llw
3 Drawagll) tvey

3 Abstract




8. The:net hod according to claim7, wherein said predetermned binary one.
di glt I's the second nost significant binary one digit in the A register,
such that the scaling factor K conprises at nost two binary one digits

separated by z zero digits. 9. The net hod according to claimS8,
further including the step of: proviAtng the value Kfp(i) or K*S(i),
respectively, by shifting the val ue p(i ) or S(i), respectively, through

1 t d '
quant 1y 1 oPTEeHpIR JURE, el 19 goliag: e Vabie RESAD e corems ofghe Fe
met hod acco | he rmned value is 1.0000 ...
(bi nary). Eé&él&@%%ﬂ:rﬁmgﬁﬁ @rg%ﬁé)Atgg 5|m7 wherei n the
predetermn yﬁﬁ:r t ¥,
pr edet er m ng% Ir ect glrll)folI gms‘?uﬁ?}omgbg |°%)gf”"eg¥5 :kns%}&ng the RLOX a(l)aﬂlgo RH@A

register, or

(d2) if the symbol a is the symbol a,,, by subtracting the value K*S(i) from the contents
of the A register; '

(e) shifting both the A register and the C register in a predetermined direction until the
contents of the A register lie within a predetermined range, filling the vacated positions
with zeros; and (f) if the symbol a; is not the last symbol in string STR, repeating steps
(b)-(e) or, if the symbol a; is the last symbol in string STR, shifting the contents of the C
register by @ positions in said predetermined direction; whereby the sequence of binary
digits shifted out of the C regi_ster constitutes said compressed representation R(comp) of
the symbol string STR.

According to still another aspect of the preant invention there is provided a.
method of decoding a compressed representation R(c;omp) of a source data string STR,
wherein: each symbol is taken from a finite set of m+1 symbols ag . . . a,, said
compressed representation being a numeric value within a given range, a probability
value p(i) and a cumulative probability value S(i) being available for each symbol a;, said
cumulative probability value being

SG =pO0) +pd)+... +p@-Dfori=1...m

S©0) = 0, '
and using a pair of shift registers A and C each comprising o binary digit positions, the
improvement comprising the steps of: (a) initially setting the contents of the C register
to the @ most significant digits of the compressed representation R(comp), and the
contents of the A register to a predetermined value; and decoding each successive

- symbol a; in the source data string STR by: (b) determining a scaling factor K by

taking the contents of the A register and eliminating all binary digits less significant than



the ymagnitude of the contents of the A register. _ ~and using
a pair of shift registers A and C each conprising [err] bi nary digit .

posi tions, characterized by following steps: ~ (a) initially setting
the contents of the Cregister to the [err] nost significant digits of the
conpressed representation R(conp), and the&Bcontents of the A register to a
predet erm ned val ue; and decodi ng each successive synbol aferr] in the

source data Y Hﬁ:‘dggrg{n%dbe/iﬁary one digit; (c) determining the largest value of j such that C=

K*S(j), where C is interpreted as a binary fraction with a binary point outside the C
register adjacent to the most significant binary digit therein, and a; is the symbol output
by the decoder at the current step; (d) determining the contents of the A register

(d1) if the symbol a; is not the symbol a,, by inserting the value K*p(j) into the A
register, or | )

(d2) if the symbol a; is the symbol a,,, by subtracting the value K*S(j) from the contents
of the A register;

(e) subtracting the value K*S(j) from the contents of the C register; (f) shifting both the
A register and the C register in a predetermined direction until the contents of the A
register lie within a predetermined range, filling the vacated positions in the A register
with zeros and filling the vacated positions in the C register with the corresponding
number of most significant digits remaining in the compressed representation R(comp),

and repeating steps (b)-(f) until R(comp) is empty.



(b) determning a scaling factor K by taking the cont I ster
and‘elimnating all binary digits |less significant thﬁ“,ajm, F ,ﬁd
bi nary one digit; (c) determning the |argest value o0t |L SWwChs t C
[err] Klerr] S(j) , where: C is interpreted as a binary fraction
with a binary point outside the C registertadjacent to the nost significant
binary digit therein, and aferr] is the synbol output by the decoder at the
current step; (d) determning the contents of the A register (d1)
if the synbol a[err] is not the synbol Mby i nserting the val ue

) i h ' ! d2) if the, | - is th
Lfy%tﬁé{ 1 gFfe)J; N oy s ilﬁﬁ@?j? 1 Fedie ae-co?lpr%sm? preRIgRA %(sgfrcﬁ%# e,
The. cont ent s-af DRI 8ld stins etk LM bG8 10 Srboit fdmhdil, ghe

the C registgepd of:a predetermned direction until the contents of the A
register lie wthin a predetermnned range, filling the vacated positions in
the A register wa)h gZaeasingndid dimpré@ed f@réééﬁtﬁﬁ&?bﬁ’%ésﬁh%ithﬂxeﬁ@@n&)din%]of
register with the correspondi ng nunber of nost significant digits remaihing
in the conprssdsdurcemyabels; shidoRisk(nenaproding dnolefifg igeicratid® #or edth §yEnkdl) an
until R(conp) is enpty. 7. Met hod according to Caim 6, wherein
sai d predet eatithmetic reprasanjation of a successive subinterval within a predetermined interval, the

width of each subinterval being equal to the width of the previous subinterval weighted
by the currently encoded symbol's frequency of occurrence; and

(b) approximating the width of said previous subinterval with a single SHIFT
and ADD operation.

2. In a method of generating a compressed representation R(comp) of a source.
symbol data string STR, wherein:

each source symbol is taken from a finite set of m+1 symbols ag .  2m»

said compressed representation being a numeric value within a given range and
being generated recursively in successive cycles for successive symbols in the string,

a probability value p(i) and a cumulative probability value S(i) being available for
each symbol a;,

said cumulative probability value being

SO =pO) +pl)+... +pi-Dfori=1...m,

s =0

and using a pair of shift registers A and C each comprising © binary digit

positions, |
the improvement comprising the steps of:

(a) initially setting the contents of the C register to all zeros and the contents of
the A register to a predetermined value; and

for each successive symbol a; in the string:



one digit is the second nost significant binary O“I:l_ lLgit in the TA

(rj;agi ster, such that the scalinng factor K conpri sjes ;ﬂt’@ﬂﬂ“gﬂﬂmmﬂk one
gits separated by z zero digits. 8. . Met-hod M % m 6 or

(Zjoai-m. 7, wherein the predeterm ned val ue .i 138 _1, 0000. .. (bi nary) .

(b) determining a scaling factor K by taking the contents of the A register and
eliminating all binary digits less signiﬁéant than a predetermined binary one digit;

(c) adding the value K*S(i) to the contents of the C register;

(d) determining the contents of the A register . | |

(d1) if the symbol a is not the symbol a,, by inserting the value K*p(i) into
the A register, or | : |
(d2) if the symbol a is the symbol Ay, by subtracting the value K*S(i) from
the contents 'of the A register;

-(e) shifting both the A 'register and the C register in a predetermined direction
until the contenté of the A register lie within a predetermined range, filling the vacated
positions with zeros; and

(f) if the symbol a; is not the last symbol in string STR, repeating steps (b)-(e)
or, if the symbol a; is the last symbol in string STR, shifting the contents of the C
register by o positions in said predetermined direction;
whereby the sequence of binary digits shifted out of the C register constitutes said
compressed representation R(comp) of the symbol string STR.

3. The method according to claim 2, wherein said predetermined binary one
digit is the second most significant binary one digit in the A register, such that the
scaling factor K comprises at most two binary one digits separated by z zero digits.

4. The methbd accordfng to claim 2, wherein said predetermined value is 1.000.

5. The method according to claim 3, wherein said method further includes the
step of:

providing the value K*p(i) or K*S(i), respectively, by shifting the value p(i) or
S@), respectively, through z+1 positions towards less 'signiﬁcant positions, and adding

the shifted quantity to the available value p(i) or S(i), respectively.




9. Met hod according to Claim?7, further incl udlung the étep of :

prowdlngthe value K [err] p(i) or Klerr] S(i), ﬂm hi fting
the value p(i) or S(i), respectively, through z + 1 mmnmwtmms | ess
significant positions, and adding the shifted quantity tb the *avdil abl e

value p(i) or S(i), respectlvel y. 10. --19-  Met hod accordi ng to any one
~of dains 6 to 9 wherein the predetermned range is from 1.0 (binary) to
: ,3' héljr;agnl tfjgleng][ ‘t he nd tgxﬁfig{cgg {n (r:] ? ClFelm epre%igt%pm%%dtrgnglenfsr gr%e

1.0 (binary) to 1.111 . . . (binary) and the predetermined direction is such as to increase
the magnitude of the contents of the A re_gisfer.

7. In a method of decoding a compressed representation R(comp) of a source
data string STR, whérein:
each symbol is taken from a finite set of m+1 symbols ag . . . ay,
said compressed representation being a numeric vélue within a given range,

a probability value p(i) and a cumulative probability value S(i) being available for each
symbol a;,
said cumulative probability value being

SG) =pO +p() +... +pli-Nfori=1...m

S©0) = 0,

and using a pair of shift registers A and C each comprising o binary digit

- positions,
the improvement comprising the steps of:

(@) initially setting the conténts of the C register to the o most significant digits
of the compressed representation R(comp), and the contents of the A register to a
predetermined value; and '
decoding each successive symbol a; in the source data string STR by:

(b) determining a scaling factor K by taking the contents of the A register and
elimiﬁating all binary digits less sigriificant than a predetérm_ined binary one digit;

(c) determining the largest value of j such that CZK*S(j), where C is interpreted
as a binary fraction with a binary point outside the C register adjacent to the most
significant binary digit therein, and. a; is the symbol output by the decoder at the current
step; '

(d) determining the contents of the A register



O

(d1) if the.s'ymbol 3 is not the symbol a,, by inserting the value K*p(j) into
the A register, or _ _
(d2) if the symbol a is' the symbol a,,, by subtracting the value K*S(j) from
the contents of the A register; '

(e) subtracting the value K*S(j) from thé' cohtents of the C register;

(D shifting both the A register and the C régister in a predetermined direction
until the contents of the A registef lie within a predetermined range, filling the vacttted
positions in the A register with zeros and filling the vacated positions in the C register
with the corresponding number of most significant digits remaining in the compressed
representation R(comp), and repeating steps (b)-(f) until R(comp) is empty.

8. The method according to claim 7, wherein said predetermined binary one
digit is the second most significant binary one digit in the A register, such that the
scaling factor K comprises at most two binary one digits separated by z zero digits.

9.  The method according to claim 8, further including the step of:

providing the value K*p(i) or K*S(i), respectively, by shifting the value p(i) or
S(@), respectively, through z+1.p6'sitions towards less significant positions, and adding
the shifted quantity to the available value p(i) or S(i), respectively.

10. The method accordihg_ to claim 7, wherein the predetermined value is
1.0000 . . . (binary). |

11. The method according to claim 7, wherein the predetermined range is from
1.0 (binary) to 1.111 . . . (binary) and the predetermined direction is such as to increase

the magnitude of the contents of the A register.




