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providing no error protection. This unique error
protection shall result in a reduction of storage
requirements or a reduction in transmission bandwxdth
because the use of a lower level of error protection or
5 no error protection will reduce the introduction of
redundant data into the data link or storage medium
while still providing error resiliency.
As known to those skilled in the art, a
variety of proposed codes can be separated into a

10 prefix and suffix fields as described above. See, for
example, E. R. Fiala and D. H. Greene, "Data '
Compression with Finite Windows," Communications of the
ACM, Vol. 32, No. 4, pp. 490-505 (1989). However, the
proposed codes have not previously been separated in

15 order to provide error resiliency as provided by the
method and apparatus of the present invention. .

It will be apparent to those skilled in the
art that split field coding can be applied to data sets
which are not characterized by a well-behaved

20 distribution. This application can be accomplished by
initially sorting the data set to produce a re-ordered
monotonic distribution. This approach will result in
error resilience in the sense that a bit error in the’
suffix field will not result in a loss of code word

25 synchronization. However, the resulting error in the +
decoded value will not be constrained to a particular
range since the sorting of the data set will destroy
the contiguity of the superbins associated with
gpecific prefix field values.

30 : The relative positions of the significant
coefficients can also be encoded in a variety of
manners, such as run length coding as described above.
The resulting run length values can, in turn, also be
entropy encoded using an approach such as Huffman

35 coding or the split field coding method described
above. Alternatively, the positions of the significant
coefficients can be encoded by other methods know? to
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those skilled in the art, such as tree structures or
coefficient maps, without departing from the spirit and
scope of the present invention.

Once the plurality of code words
representative of the quantized coefficients and the
encoded run lengths have been generated, the run length
code words and the prefix fields of the quantized
coefficient code words are preferably error protected
at an appropriately high level of error protection, as
gshown in block 38. . The run length code words are
preferably afforded protection because a misdecoded run
length value can potentially introduce catastrophic
distortion into the reconstructed image. However, the
suffix fields of the quantized coefficient code words
are preferably error protected at a relatively lower
level of error protection, if at all. As shown
schematically in Figure 1, the data encoder 16 can
therefore include unequal error protection means 29 for
providing appropriate levels of error protection to the
encoded data as described above. '

Regardless of the error protection means,
error protection adds redundancy to the encoded data
and increases the storage and transmission :
requirements. Accordingly, by providing a reduced
level of error protection or no error protection to the
suffix fields of the quantized coefficient code words,
the storage and transmission requirements can be
reduced by the method and apparatus of the present
invention while limiting the effects of bit errors
incident upon the suffix fields of the guantized
coefficient code words.

Following the data compression process
described above, the encoded data can be efficiently
stored. For example, the run length code words and the.
prefix fields of the quantized coefficient code words
can be stored in a first data block 66 defined by a
storage medium 18, such as a-magnetic disk storage
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which is.error protected as shown in Figure 6. 1In .
addition, the respective suffix fields of the quantized
coefficient code words can be stored in a second data
block 68 defined by a storage medium which includes a
reduced level of error protection or no error
protection. Thus, the suffix fields can be more
efficiently stored within the second data block.

Likewise, the compressed and encoded data can
be efficiently transmitted, such as via first and
second data links. 'In particular the error resilient
method and apparatus of the present invention can
include a transmitter 20 which transmits the respective
run length code words and the prefix fields of the
quantized coefficient code words via a first data link
22 which is error protected, and which transmits-the
respective suffix fields of the quantized coefficient
code words via a second data link 24 which is not error
protected or is error protected to a lesser degree than
the first data link. Thus, the suffix fields can be
more efficiently transmitted (with reduced or no
redundancy) using the second data link.

Upon reception of the compressed data, the
prefix fields of the quantized coefficient code words'
can be decoded (as shown in Figure 7) and the lengths
of the suffix fields can be determined based on the
decoded prefix fields. If one or more bit errors are
incident upon the suffix field of a quantized
coefficient code word, the code word synchronization is
not lost because the length of the suffix field is
known. As a result, the resulting error in the decoded
coefficient value will be constrained to the range of
coefficient values for the superbin corresponding to
the associated prefix field. Accordingly, the effects

of the error on the reconstructed image will be limited

and will not be catastrophic. Following the
tranemission of the encoded data and the poasible
detection and correction of any storage and

/

Page 65 of 437



-36- _ g 3

transmisgion errors by means of channel decoding known
to those ekilled in the art, the compressed data,
including both the quantized values for the significant
coefficients and the relative positions of the
5 significant coefficients, is decoded, dequantized, and
inverse transformed, as known to those gkilled in the
art, so as to provide a reconstructed image based upon:
the original image as shown in Figure 7.
The error resilient method and apparatus for:
10 compressing data, including the data transformer 12,
the data quantizer 14, the data encoder 16 and the
unequal'error protection means 29, are preferably
implemented by a combination of hardware and software.
For example, the method and apparatus for compressing
15 data can be implemented by a computer having one or
more controllers which operate under the control of
software to provide the data transformation,
quantization and encoding processes described above.
In the drawings and the specification, there
20 has been set forth a preferred embodiment of the ;
invention and, although specific terms are employed,
the terms are used in a generic and descriptive sense
only and not for purpose of limitation, the scope of
the invention being set forth in the following claims.

277
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THAT WHICH IS CLAIMED IS:

L
data compris
geneyating a plurality of code words

An error resilient method of encoding
g the steps of:

representative ®f respective portions of the data,

5 wherein each cod& word comprisea a first portion and an
asgociated second\portion, and wherein said code word
generating step comprises the steps of:

genergting the first portion of each
code word, the first fportion including information
10 representative of a prgdetermined characteristic of the
associated second porti§n; and
generating the second portion of each
code word, the second porkion including information
repregentative of the respkctive portion of the data;.
15 and
providing error pryjtection to at least one of
the first portiona of the plukality of code words while
maintaining any error protectipn provided to the
respective second portion asgsoclated with the at least
20 one first portion at a lower levgl than the error -
protection provided to the respeciive first portion.

2, An error resilient method of encoding
data according to Claim 1 wherein said step of
generating a plurality of code words comprises the step
of entropy coding the data to thereby reduce the size

5 of the resulting code words.

3. An error resilient method of encoding
data according to Claim 1 wherein said step of
generating the second portion of each code word
comprises the step of generating second pbrtions having

5 predetermined'numberslof characters, and wherein said
step of generating the first portion of each code word
comprises the step of generating first portions which

N,
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include information representative of the predetermined
number of characters which comprise the associated
second portion.

4, An error resilient method of encoding
data according to Claim 3 further comprising the step
of determining the probability with which respective
ones of the plurality of code words are generated,
wherein said step of generating second portions having -
predetermined numbers of characters comprises the step
of generating a plurality of second portions having the
same predetermined number of characters, and wherein
the plurality of second portions which have the same
predetermined number of characters comprise portions of
respective code words which have corresponding
probabilities of generation within a predetermined
rangé of probabilities.

5. An error resilient method of encoding
data according to Claim 1 wherein said step of
providing error protection comprises the steps of:

storing the at least one first portion of the
plurality of code words in a first data block of a
storage medium, wherein the first data block is error
protected; and

‘storing the respective second portion
associated with the at least one first portion in a
gsecond data block of the storage medium, wherein any
error protection provided by the second data block is
at a lower level than the error protection provided by
the first data block.

6. An error resilient method of encoding
data according to Claim 1 wherein said step of
providing error protection comprises the steps of:
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. transmitting the at least one first portion
of the plurality of code words via a first data link,
wherein the first data link is error protected; and

transmitting the respective second portion
agsociated with the at least one first portion via a
second data link, wherein any error protection provided
by the second data link is at a lower level than the
error protection provided by the first data link.

T
code wokd generating means for generating a

A\data encoding apparatus comprising:
plurality of code yords representative of respective
portions of the dath, wherein each code word comprises
a first portion and @n associated second portion, and
wherein said code wo generating means comprises:
first nerating means for generating
the first portion of each code word, the first portion
including information representative of a predetermined
characteristic of the asspciated second portion; and
second geneyating means for generating

the second portion of each tode word, the second
portion including informatioyp representative of the
respective portion of the daty; and

error protection meaks for providing error
protection to at least cne of the first portions of the
plurality of code words while mayntaining any error
protection provided to the respeckive second portion
associated with the at least one

lower level than the error protectiyn provided to the

irst portion at a
respective first portion.

8. A data encoding apparatus according to
Claim 7 wherein said code word generating means
comprises entropy coding means for entropy coding the
data to thereby reduce the size of the resulting code
words.
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N 9. A data encoding apparatus according to
Claim 7 wherein said second generating means generates
second portions having predetermined numbers of
characters, and wherein said first generating means
generates first portions which include information
representative of the predetermined number of
characters which écmpriae the associated second

portion.

10. A data encoding apparatus according to
Claim 7 wherein said error protection means comprises a
storage medium for storing the plurality of code words,
said storage medium being partitioned into a first data
block which is error protected and a second data block,
wherein any error protection provided by the second
data block is at a lower level than the error
protection provided by the first data block, wherein
the at least first portion of the plurality of code
words is stored in the first data block of the storage
medium, and wherein the respective second portion
associated with the at least one first portion is
stored in the second data block of the storage medium.

11. A data encoding apparatus according to
Claim 7 wherein said error protection means comprises:

first data link transmitting means for
transmitting the at least one first portion of the
plurality of code words via a first data link, wherein
the first data link is error protected; and

second data link transmitting means for
transmitting the respective second portion associated
with the at least one first portion via a second data
link, wherein any error protection provided by said
second data link is at a lower level than the error
protection provided by said first data link.
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. 12\ An error resilient method of compressing
data comprisikg the steps of:
tranyforming the data based upon a
predetermined tyansformation function;
' quantiging the transformed data such that the
quantized data fewer unique coefficients than the

transformed data;

generkting a plurality of code words,
representative of respective portions of the data, .
which have respective first and second portions,
wherein the first portipn includes information :
representative of a predetermined characteristic of the
associated second portior\, and wherein the second
portion includes informatipn representative of a
respective portion of the

providing er®or protection to at least
one of the first portions of\the plurality of code
words while maintaining any eyror protection provided
to the respective second portibn associated with the at
least one first portion at a lower level than the error

protection provided to the respactive first portion.

13. An error resilient method of compressing
data according to Claim 12 wherein said step of
encoding the quantized data comprises the step of
entropy coding the quantized data to thereby reduce the
size of the resulting code words.

14. An error resilient method of compressing
data according to Claim 12 wherein said step of
generating a plurality of code words comprises the
steps of:

generating second portions having

predetermined numbers of characters; and

11—~
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. generating first portions which include
information representative of the predetermined number
of characters which comprise the associated second

portion.

15. An error resilient method of compressing
data according to Claim 14 further comprising the step
of determining the probability of occurrence of
respective ones of the quantized data valueas, wherein’
said step of generating second portions having
predetermined numbers of characters comprises the stép
of generating a plurality of second portions having the
same predetermined number of characters, and wherein
the plurality of second portions which have the same
predetermined number of characters comprise portions of
respective code words which represent quantized data
values having corresponding probabilities of generation
within a predetermined range of probabilities.

16. An error resilient method of compressing
data according to Claim 12 wherein said step of
providing error protection comprises the steps of:

storing the at least one first portion of the
plurality of code words in a first data block of a
storage medium, wherein the first data block is error
protected; and

storing the respective second portion
associated with the at least one first portion in a
second data block of the storage medium, wherein any
error protection provided by the second data block is
at a lower level than the error protection provided by
the first data block.

17. An error resilient method of compressing .
data according to Claim 12 wherein said step of
providing error protection comprises the steps of:
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transmitting the at least one first portion
of the ﬁlurality of code words wvia a first data link,
wherein the first data link is error protected; and

transmitting the respective second portion
associated with the at least one first portion via a
second data link, wherein any error protection provided
by the second data link is at a lower level than thé
error protection provided by the first data link.

18, An error resilient method of compressing
data according to Claim 12 wherein said transforming
step comprises the step of transforming the data based
upon a wavelet transform.

19. BAn error resilient method of ccmﬁressing
data according to Claim 18 wherein said transforming -
gtep comprises the step of transforming the data based
upon a biorthogonal wavelet transform.

20. An error resilient method of compressing
data according to Claim 12 wherein the transformed data
includes a plurality of transformed coefficients, and
wherein said quantizing step comprises the step of
detecting transformed coefficients below a

predetermined clipping threshold.

21. An error resilient method of compressing
data according to Claim 20 further comprising the step
of establishing a clipping threshold such that the
ratio of the number of detected coefficients to the
number of transformed coefficients which are not
detected is at least as great as a predetermined
clipping ratio. ;

22, - An error\resilient data compression
apparatus comprising:

i Page 73 of 437



10

15

20

25

30

1

-44-

.~ a data transformer for transforming the data

based upon a pyedetermined transformation function;
a da
transformed dat

quantizer for quantizing the
such that the guantized data has fewer
uniqﬁe coefficients than the transformed data; and
a data gncoder for encoding the quantized

data, said data engoder comprising:

code\word generating means for
generating a plurality of code words, rapreaentative'bf
respective portions the data, which have respective -
first and second portipns, wherein the first porticn
includes information répresentative of a predetermined
characteristic of the adsociated second portion, and
wherein the second porti includes information
representative of a respedtive portion of the data; and

error proteftion means for providing
error protection to at least one of the first portions
of the plurality of code wor@{ds while maintaining any
error protection provided to fthe respective second
portion associated with the at\ least one first portion
at a lower level than the error protection provided to

the respective first portion..

23. An error resgilient data compression
apparatus according to Claim 22 wherein said data
encoder comprises entropy coding means for entropy
coding the quantized data to thereby reduce the size of
the resulting code words.

24. BAn error resilient data compression
apparatus according to Claim 22 wherein said code word
generating means comprises:

gsecond generating means for generating second
portions having predetermined numbers of characters;
and !

firq;/éenerating means for generating first
portions whi¢h include information representative of
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the predetermined number of characters which comprise
the associated second portion.

25. An error resilient data compression
apparatus according to Claim 22 wherein said error
protection means comprises a storage medium for storing
the plurality of code words, said storage medium being
partitioned into a first error protected data block and
a second data block, wherein any error protection _
provided by said second data block is at a lower level
than the error protection provided by said first data
block, wherein the at least first portion of the
plurality of code words is stored in the first data
block of the storage medium, and wherein ' the respective
second portion associated with the at least one first
portion is stored in the second data block of the
storage medium.

26. An error resilient data compression
apparatus according to Claim 22 wherein said error
protection means comprises:

first data link transmitting means for
transmitting the at least one first portion of the
plurality of code words via a first data link, wherein
the first data link is error protected; and

second data link transmitting means for
transmitting the respective second portion associated
with the at least one first portion via a second data

‘link, wherein any error protection provided by the

second data link is at a lower level than the error
protection provided by the first data link.

27. An error resilient data compression
apparatus according to Claim 22 wherein said data
transformer comprises a wavelet transformer for
transforming the data based upon the wavelet
transformer. _ S

—

/
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28.\ A computer readable memory for storing
error resilient encoded data, the computer readable
memory comprisipg:

a stonage medium for storing the error
data, said storage medium being

first error protected data block and

5 resilient encode
partitioned into
a gecond data blodk, wherein any error protection
provided by said skcond data block is at a lower level
than the error protfiection provided by said first data.
10 block; and )
a pluralitly of code words, representative of
respective portions df the original data, which have
respective first and becond portions, wherein the first
portion includes inforjnation representative of a
15 predetermined characteXistic of the associated second
portion, and wherein the second portion includes _
information representative of a respective portion of
the original data,
one of the first portions of
ig stored in the first data

such that the at least one

wherein at leas
20 the plurality of code wor
block of said storage medi
first portion is error protdcted, and wherein the
regpective second portion asdociated with the at least
one first portion is stored if the second data block of
25 said storage medium such that jny error protection
provided to the respective secopd portion asgociated
with the at least one first portlMion is at a lower level
than the error protection providad to the respective

first portion.

29, A computer readable memory for storing
error regsilient encoded data according to Claim 21
wherein the second portion of each code word has a
predetermined number of characters, and wherein the
5 first portion of each code word includes information
representative of the predetermined number of

U7
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characters which comprise the associated second
portion.

30. A computer readable memory for storiﬁg
error resilient encoded data according to Claim 29
wherein each of the plurality of code words occurs
according to a predetermined probability, wherein a
plurality of second portions of code words have the
same predetermined number of characters, and wherein.
the plurality of second portions which have the same
predetermined numbér of characters comprise portions of
respective code words which have corresponding’
probabilities of occurrence within a predetermined
range of probabilities.
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“ERROR-RESIHIENT METHOD AND——
APPARATHS—FORENTROPY—CODING—

ABSTRACT QOF THE DISCLOSURE

The error resilient method and apparatus for
encoding data includes an encoder including a code word
generator for generating a plurality of code words
representative of respective portions of the data. The
code word generator encodes data pursuant to split ’
field coding in which each code word includes a prefix
field and an associated suffix field. The prefix field
includes information representative of a predetermined
characteristic of the associated suffix field, such as
the predetermined number of characters which form the
associated suffix field. In addition, the suffix
fields include information representative of at least
some of the original data. Consequently, if the prefix
field of a code word is decoded correctly, i.e, without
the occurrence of bit error, the error resilient method
and apparatus can correctly determine the length of the
associated suffix field and the range of coefficient
values to be represented by the associated suffix field
such that the associated suffix field is resilient to
errors. In order to increase the probability that the
prefix field will be correctly decoded, the method and
apparatus protects the prefix and suffix fields of the
encoded data to gfeater and lesser degrees,
respectively, such that the data can be more
efficiently compressed.
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CFR 1.10 on the date indicated above and is addressed to the Commissioner of
Patents and Trademarks, Washington, DC 20231,

Spt G

Gwen Frickhoeffer 3
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-Address; COMMISSIONER OF PATENTE AND TRADEMARKS
o / . Weashington, D.C. 20231 )

[ APPLCATION NUMBER | FUNG DATE -~ | FIRST NAMED APPLICANT : | - arTv. pocker NosTLE |
08/633,896  04/17/96  MEANY i3 e190-43
0282/0606

BELL SELTZER PARK AND GIBSON -
POST OFFICE DRAWER 34009 :
CHARLOTTE NC 28234 , ' 1

000 2
: . DATE MAILED: 0 }
J 'NOTlC\E TOFILE MISSING PARTS OF APPLICATION D&/06/96
.+ =% - . FILING DATE GRANTED .

*  An Application Number and Filing Date have been assigned to this application. However, the items indicated
. below are misging. The required items and fees identified below must be ﬁ - submitted ALONG WITH

PAYMENT. OF A SURCHARGE for items 1 and 3-6 only of = _ for large entities o
$ ‘;(‘r for small entities who have filed a verified statement claiming such status. The surcharge is set forth in
37 1.16(7. 2

Haﬂmquiraﬁ:msonlh:ltumiaﬁlcdmmdie i ul~below.thelolﬂnmounluwodbyupplicanlau EGE
entity, Clemall entity (verified statement filed),is i%__ ' :

. Applicant is given ONE MONTH FROM THE DATE OF THIS LETTER, OR TWO MONTHS FROM TIIE
li'[LINGDA'l'Enf!lmgpphuﬁon, 'WHICHEVER IS LATER, within which to file all reqaired items and pay any fees
required above to.avoid abandonment. Exmmufumemaybeobmmdhyﬁliuapwucnmmwudbylhn
extension fee under the provisions of 37 CFR 1.136{a).

1. O The statutory basic filing fee is; [Jmissing [Jinsufficient. -Applicant as a [] large entity Clsmall
entity, muat submit § : to complete the basic filing fee.

2.0 Addatmns.l claim fees of § asa [J large entity, (] small entity, including any -
d multiple dependent elaim fee, are required. Applicant must submit:the addltwna.l claim
fgef or cancel the additional claims for which fees are dus.

8. %ﬂ:w declaration:
is missing.

[ does not cover items: um.ltted at time of execution. .

An cath or declaration in compliance with 87 CFR 1.63, identifying the apphcanon by the above:
Application Number and Filing Date is required. :

4. (0 The oath or declaration does not identify the application to which it applies. Anpath or declaration
in compliance with 87 CFR 1.88, identifying the application by the above Application Number and
Filing Date, is required.

5. () The signature(s) to the oath or declaration is/are: [Jmissing; O] by & person other than the inventor
or a person qualified under 37 CFR 1.42, 1.43, or 1.47. A properly signed cath or declaration in -
compliance with'37 CFR 1.6, identifying the application by the above Application Number and
Filing Date, is required.

6. O The signature of the following joint inventor(s) is missing from the oath or declaration:

An oath or declaration listing the names of all inventors and signed by
the omitted inventor(s), idmﬁﬁ'mx this application by the above Application Number and Filing

Date, is required.
7.0 The.apphcation was filed in a language other than English. Applicant must file a veriﬁed English
. tranglation of the application and afee of $ under 37 CFR 1.17(k), unless this fee has
already been paid. p
80A$ - - procesaingfee is required since your check was returned without payment.
(37 CFR 1.21(m)). .

9. O Your filing receipt was mailed in error because your check was returned without payment. -

+ 10. O The application does not comply with the Sequence Rules. :See attached Notice to Comply with _.
- Sequence Rules 37 CFR 1.821-1.825.

11; O Other. : ;
Direct the response and any queations about this notice to, Athentmn Appll.cal:ion Processing Dwiaiun.
1 Bpwla.l Processing and Correspondence Branch (708) 308-1202.

A copy of this notice MUST be returned with the response.-
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PATENT
W/ THE UNITED STATES PATENT AND TRADEMARK OFFICE

Meany and Martens

Serial No. 08/633,896

Filed: April 17, 1996

For: ERROR RESILIENT METHOD
AND APPARATUS FOR
ENTHROPY CODING

July 3, 1996

Assistant Commissioner
of Patents and Trademarks
Washington, DC 20231

SUBMITTAL OF DECLARATION
UNDER 37 CFR 1.63

Sir:

Enclosed is a Declaration and Power of Attorney for the
above-identified application which has been executed by the
named inventors.

A check in the amount of $130 is also enclosed to cover
the surcharge under 36 CFR 1.16(e). BAny additional fee or
credit may be charged to our deposit account No. 16-0605.

Respectfully submitted,

S AT

Guy B Gosnell
Registration No. 34,610

Bell, Seltzer, Park & Gibson
Post Office Drawer 34009
Charlotte, North Carolina 28234
Telephone: (704) 331-6000

Our File No. 8190-43

Order No. 14879

232684
I hereby certify that this correspondence is being deposited with the United

States Postal Service by first clase mail in an envelope addressed to:
Assistant Commigsioner of Patents and Trademarks, Washington, D.C. 20231, on

July 3, 1996 by: L%mm_ Signed: July 3, 1996
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As a below named inventor, I hereby declare that:

~ DECLARATION AND POWER OF |
ATTORNEY FOR PATENT APPLICATION

Attorney Docket No: 8190-43

My residence, post office address and citizenship are as stated
below next to my name,

I believe I am the original, first and sole inventor (if only one
name is listed below) or an original, first and joint inventor
(if plural names are listed below) of the subject matter which
is claimed and for which a patent is sought on the invention
entitled ERROR RESILIENT METHOD AND APPARATUS FOR.
ENTROPY CODING, the specification of which

[ ] is attached hereto.

[ ] was filed on April 17, 1996 as
Application Serial No. 08/633,896

and was amended on

(if applicable)

I hereby state that I have reviewed and understand the contents
of the above-identified specification, including the claims, as
amended by any amendment referred to above.

I acknowledge the duty to disclose information which is material
to the examination of this application in accordance with Title
37, Code of Federal Regulations, Section 1.56(a).

I hereby claim foreign priority benefits under Title 35, United
States Code, Section 119 of any foreign application(s) for patent
or inventor’s certificate listed below and have also identified
below any foreign application for patent or inventor’s
certificate having a filing date before that of the application
on which priority is claimed: ;

Prior Foreign Application(s) Prioxi C
—(None) I ¥ it.a
(Number) (Country) {(Day/Month/Year Filed) _ Yes No
[ 1 [ 1
(Number) (Country) {Day/Month/Year Filed) Yes No
[ 1 1
(Number) Country) . (Day/Month/Year Filed) Yes No
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Deglaratidn
Page 2 =~ -

I hereby claim the benefit under Title 35, United States Code,
§ 119(e) of any United States provisional application(s) listed
below.

(None) _
(Application Number) . (Filing Date)
(Application Number) (Filing Date)

I hereby claim the benefit under Title 35, United States Code,
Section 120 of any United States application(s) listed below and,
insofar as the subject matter of each of the claimg of this
application ig not disclosed in the prior United States
application in the manner provided by the first paragraph of
Title 35, United States Code, Section 112, I acknowledge the duty
to disclose material information as defined in Title 37, Code of
Federal Regulations, Section 1.56(a) which occurred between the
filing date of the prior application and the national or PCT
international filing date of this application:

(None) ;
(Appln. Serial No.) (Filing Date) (Status)
(patented/pending/aban.)
(Appln. Serial No.) (Filing Date) (Status)

(patented/pending/aban.)

I hereby declare that all statements made herein of my own
knowledge are true and that all statements made on information
and belief are believed to be true; and further that these
statements were made with the knowledge that willful false
statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the
United States Code and that such willful false statements may
jeopardize the validity of the application or any patent issued
thereon.

POWER OF ATTORNEY: As a named inventor, I hereby appoint the
following attorneys to prosecute this application and transact
all business in the Patent and Trademark Office connected
therewith.

Timothy H. Courson
Registration No. 33,300

Charles B. Elderkin :>
Registration No. 24,357 ’

—
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Declaration

Page 3

Mitchell S. Bigel
Registration No. 29,614

Guy R. Gosnell @
Registration No. 34,610
0 st il

Send correspondence to: Guy R. Gospell
Bell, Seltzer, Park & Gibson

Post Office Drx
Tharlotte, North Carolina 28234

Direct telephone calls to:, Guy R. Gosnell
(704) 331-6000

Full name of first inventor: James J. Meany /

—

_ Inventor'’s /
7s) Signature: ‘ Date: e 5'0/;’(,
//17 ;T
_ Residence: Des Pé&res, Missouri

— o
Citizenship: United States of America
Post Office Address: 2782 Diamond Ridge Lane

Des Peres, MO, USA 63131

Full name of second inventor: Chrigtopher J. Martens/

2 0 OInventor' 8 ¢ ' -
Signature: Date: 4f -3 o 56 .

‘Residence: Creve Coeur, Missouri h
i B el ~

Citizenship: United States of America

Post Office Address: 1168 Town & Four
Creve Coeur, MO, USA 63141

223625
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. ¥ .
. , Address: COMMISSIONER OF PATE'N’m A
‘ : : ‘Weshingtan, D.C. 20231

/ ’\ uun'snnnmd:“: /3 /ﬂg e - .).

. My of
. FIRST NAMED APPLICANT : J it
08/633,896  04/17/96  MEANY' '3 e1s0-a3
e 0252/0606 _ 2 ¢

BELL. BELTZER PARK AND GIBSON
POST OFFICE DRAWER 34009 :
CHARLOTTE NC 26234 . _ '
' : patemaien: 0000 _
NOTIGETO FILEMISS]NG PARTS OF APPLICATION . 06/06/96
. . b . FILING DATE GRANTED .

An Application Numberand Filing Date have been assigned to this apphcnhon. However, the items indicated

below are misging, The required iteme-and fees identified below must be ? un.bmltted ALONG WITH
PA‘TMENT OF.A SURCHARGE for items -1 and 3-6 only of ;2 for large entities or

3L for small entities whohave filed a verified statement claiming such status. The surcharge isset forth in

37CFR 1. 16(e).

If all required items on this form ue-ﬁled within the period set below, the total amount owed by applicant as a Engc

entity, [J'small entity (verified statement filed), is § Zl: = ’

Applicant is gives ONE MONTH FROM THE DATE OF THIS LETTER, OR TWO MONTHS FROM - THE
FILING DATE of this application, WHICHEVER IS LATER, within which to file all reqired items and pay any fees |,
required above to avoid abandonment. - Extensions of time may be obtained by filing a peﬁﬁonmmpmbdbyﬂm
extension fee under the pmvisiom of 37 CFR 1.136(a).

1, O The statutory basic filing fee i8: () missing [ insufficient, Applicant as a O large entity [Jsmall
entity, must submit$__- - to complete the basic filing fee.

2. 0 Additional claim fees of $ as a [ large entity, O small entity, including any
required multiple dependent claim fee, are required. Applicant must submit the additional claim
m/fgd or cancel the additional claims for which fees are due.
3

‘oath or declaration:
is missing. . : v
O doea not cover items omitted at time of execution.

An oath or declaration in compliance with 37 CFR 1.83, identifying the application by the above
Application Number and Filing Date is required.

4. [ The oath or declaration does not identify the application to which it applies. An oath or dsclaration
in eumphanm with 37 CFR. 1.63, identifying the application by the above Applicuhon Number and
Filing Date, is required. -

5. O The signature(s) to the oath or declaration is/are: [J missing; [J by & person other than the inventor
or a person qualified under 37 CFR 1.42, 1.43, or 1.47. A properly signed oath or declaration in
compliance with 87 CFR 1.63, idm:tl&ing the application by the above Application Number and
Filing Date, is required.

6, 0 The slgn.atum of the fol]amng]omt inventor(s) is migsing from the oath or declaration:

. An oath or declaration listing the names of all inventors and signed by
- the omitted inventor(s), Mnnhﬁnng this application by the above Application Number and Filing

Date, is required.
7. O The application was filed in a language other than English. Applicant must file a vmﬁed English
mdahmofﬂlesppnuﬂmmdafeeoﬂ under 37 CFR 1. I'Tﬂt) unless this fee has
C8.0AS_ - _processing fee is required since your check was returned without payment.
(87 CFR 1.21(m)). :

9. O Your filing receipt was:mailed in error because your check was returned wﬁthout payment.
" 10. 0 The application does not comply with the Sequence Rules. See attached Notice to Comply with

Bequence Rules 37 CFR.1.821-1.825. 340 UT 07/18/96 08633896
; 1105 130,00 cK
11,0 Other.
b 1 et T g g 5 \rta{.tz’\w’,.{_ ; PR

. Direct the response and any questions. about this notice to, Attention: Appllgntion Prm:esaingl)nmwn. :
‘Bpecial Processing and Cnﬂupmdm Branch (708) 801? -1202. ;

A nnavainfihionadine MTIQT ho mﬁlmuu" mith tho roennmnao.
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: PATENT
. THE UNITED STATES PATENT AND TRADEMARK OFFICE '7‘9
% A9
7 and Martens Group Art Unit: 2_:6\6 a2
Serial No. 08/633,896
Filed: April 17, 1996 Examiner:

For: ERROR RESILIENT METHOD
AND APPARATUS FOR
ENTHROPY CODING

July 3, 1996

Assistant Commissioner of
Patents and Trademarks
Washington, DC 20231

INFORMATION DISCLOSURE
STATEMENT UNDER 37 CFR 1.97

Sir:

Attached is a form PT0-1449 listing several documents
which may be considered material to the examination of the
above-identified application. A copy of each document is also
enclosed. It 1s requested that these documents be considered
by the Examiner and officially made of record in accordance
with the provisions of 37 CFR 1.97 and Section 609 of the
MPEP. '

Respectfully submitted,

uy F. Gosnell
Registration No. 34,610

Bell, Seltzer, Park & Gibson
Pogt Office Drawer 34009

.Charlotte, North Carolina 28234

Telephone: (704) 331-6000
Our File No. B8190-43

232678
I hereby certify that this correspondence ies being deposited with the United

States Postal Service by first class mall in an envelope addressed to:
Commissioner of Patents and Trademarks, Washington, D.C. 20231, on

July 3, 1996 by: .Qimmanﬂhr__ Signed: July 3, 1996
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R Sheet 1 of 2

Attorney Dacket Number | Serial Number
8190-43 08/633,896 . ‘

Applicant: Meany and Martens

Filing Date: April 17, 1996 ‘Grogug.( {
U. S. PATENT DOCUMENTS '
Examiner ' Document Filing Date
Initial Number Date Name Class Subclass if
L : Appropriate
) | A |487182 | 03989 | Adelson, eral. > 5e |
®Y | B [s0m4134 o511 | Lawion, eral. 35§|26-3| SEP8)
PT| ¢ |s101446 |0319%2 | Resnikoff, et al Z52 5 4 /ﬂA 790
B T D |5315670 | 05/1994 | Shapiro 3 X-L 9" A_)Nﬂ
By | B [soonms (oo | supio 281|564 ﬁgfj_
F
G
H
I
|
K
FOREIGN PATENT DOCUMENTS
Document Translation
Number Date Country Class Subclass | Yes | No
L
M
N
0
P
OTHER DOCUMENTS (Including Author, Title, Date, Pertinent Pages, Etc.)
(\BT Q | Edward R. Fi;ln and Daniel H. G1_'cene, Data Compression with Finite Windows, Communications
of the ACM, Vol. 32, No. 4, April 1989, pp.490-505.
(BT R | Timothy C. Bell, John G. Cleary and Ian H. Witten, Text Compression, Prentice Hall, Copyright
1990, pp. 290-95.
- B T S | Imran Ali Shab, Olu Akiwumi-Assani and Brian Johnson, A Chip Set for Lossless Image
Compression, of Solid-State its, Vol. 26, No. 3, March 1991, pp. 237-44,

EXAMINER _P K @‘. /T— qdﬁ'f y DAE jonswanﬁn

*EXAMINER Initial if reference considered, whether or not citation is in conformance with- MPEP 609; Draw line through
. citation if not in conformance and not considered. Include copy of this form with next communication to
applicant,
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FORM PT0-1449  U.s, Depariment of Commerce Attorney Docket Number © | Serial Number ; i
8190-43 08B/633,896 A

Applicant: Meany and Martens

Filing Date: April 17, 1996 | Group G é-
26(

OTHER TS (Including Author, Title, Date, Pertinent Pages, Etc.)

(B T | Gregory K. Wallace, The JPEG Siill Picture Compression Standard, Communications of the ACM,
Vol. 34, No. 4, April 1991, pp. 30-43.

@T‘ U | Olivier Rioul and Martin Veterli, Wavelets and Signal Processing, IEEE SP Magazige, October
1991, pp. 14-38. i

(B—r v | Albert Cohen, Biorthogonal Wavelets, Wavelets-A Tutorial in Theory and Applications, Copyright

1992, pp. 123-52.

(BT W | A. . Lewis and G. Kuowles, image Compression Using the 2-D Waveler, IEEE Transactions on
Image Processing, Vol. 1, No. 2, April 1992, pp. 244-50.

@T X | Miaden Victor Wickerhsuser, High-Resolution Still Picture Compression, April 19, 1992, pp. 1-33.
Ao TITLE OF PWBlxarnd).

%T Y Marc Antonini, Michel Barlaud, Pierre Mathieu and Ingrid Daubechies, Image Coding Using

Wmfet Transform, IEEE Transactions on Image Processing, Vol. 1, No. 2, Apnl 1992, pp. 205-

over Noisy Channels, JEEE Journal on Selected Areas in Communications, Vol. 10, No. 5, June
1992, pp. 926-43.

@‘T’ AA | Amir Said and William A. Pearlman, Reversible image compression via multiresolution
representation and predictive coding, SPIE, Vol. 2094, 1993, pp. 664-74.

AB | Jerome M. Shapiro, Embedded Image Coding Using Zerotrees of Wavelet Coefficients, IEEE
T Transactions on Signal Processing, Vol. 41, No. 12, December 1993, pp. 3445-62.
% AC | Michael L. Hilton, Bjm D. Jawerth and Ayan Sengupta, Compressing Still and Moving Images
with Wavelets, Multimedia Systems, Vol. 2, No. 3, April 18, 1994, pp. 1-20.

% AD | Keith A. Bimey and Thomas R. Fischer, On the Modeling of DCT and Subband Image Data Jor
Compression, actions o ing, Vol. 4, No. 2, February 1995, pp. 186-93.

@ T Z | Naoto Tanabe and Nariman Farvardin, Subband Image Coding Using Entropy-Coded Quantization

AE | Parthasarathy Sriram and Michael W. Marcellin, Image Cadmg U.rmg Waveur T?an.gfam and
‘B ‘T Entropy-Constrained Trellis-Coded Quantization, [EEE Tra essing, Vol. 4,
No. 6, June 1995, pp. 725-33.

@ AF | Bjém Jawerth and Wim Sweldens, An Overview Qf. Wayelet Based Multiresolution Analyses, pp. 1-
T ™ [ (30 TrneqFelB m E B
(BT AG . | Wjm Sweldens, The Lifting Scheme: A hy in Biorthogonal Wavelet Consiructions
’ ( LOPLALE oR DATE LTmTfa 0
AH Ahmad Zandi, James D. Allen, Edward L. Schwartz and M Compm th
DY ™ |t e [l LicE nRDATE) 7{50 wf
Al
AJ

\ _ citation if not in conference and not considered. Include copy of this form with next oommunicanon to
"% applicant. zmes
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Af'gon'g!uru-arqd
Data Struclures

Dyl Sleatar - ¢
Editor -

ABSTRACT:. Seweral methads are presented for adaptive,
inuertible data compression in the style of Lempel’s and
Ziw's fiest textual swlbistitution proposal, For the first lwo
mcthads, the article describes mamﬂfnrmm of McCreight’s
suffix tree data stracture that sipport: cyrhr maintenaice. of
a wiwdow on e most recent source characlers, A

pereolating update is used to kctp node pnsmaus within ffe. . .
_window, and the npdating process is shown to have constant

amortized cost. Other'methods explorp Hie tradeoffs between
conipression time, expansion fime, dala structure size, and
amownt of compression achicved. The articlé ineludes @
graph-thearetic analysts of the compression penally incurred
by onr eodeword selection policy fu comparison rith an
aptimal poticy, and it includes empirical studies of the
peefarmace of varinus adaplive compressors from the
literature.

1. INTRODUCTION

Compression is the-coding ol'dnln lo minimize its repre-
sentation, In 1lis article, we gre concorned with fast,
one-pass, adaptive, invertible (or 'los:lass] metHods of
digital compression which have regsonable memory
roquirements. Such methods can be used, for example,

o rotluce the storaga requiremenis for files, Lo increase

the communicotion rate aver a channel. or to reduce
retlundancy prior \o encryption for greater security.

Dy “aduplive” we moan that » compression mothod
should bo widely applicablo Lo different kinds of saurce
duta: Ideally, it should adapt rapidly 10 (he sourco lo
nchicve significont comprossion on small files, and it
should adapt 1o any subsequent inlarnal changes in the
naturo of tho source, In addition, it should nchieve very
high compression asymplatically on large rogions swith
stalionury slalislics,

All tho compression methods duveloped in this aniclo
ar sebstivqtianal; Typleally, o substilutional comprossor.
Tunetions by replacing lorgn blocks of lext with shorter
refaronces (o vardjor oceurrences of idontical toxt {3, 5,
24, 24, 46, 24, 41-43], (This is often called Ziv-Lompel

eompression, i recognition of thote piuneoring iduas,

Ziv and Lompul, in Gt proposid two mothods, The
anguintifind wso of tha phrase “shv-Lumpel gampros-
ston wsnally rofurs [0 e sucond propesil |1 I| In this

Data COmpressmn with' ante

" EDWARD R FIAUA and DANIEL H, GREENE . E B

~ or with arithmetic coding, as described in [1, 14, 20, 25,

copy X, =y gobaek y elacacters in theantpat amd copy

1o ALM IllIlHUIEL‘II'IIHI.IIIJ.IH'II‘ 18

Conrpnivativng of thie ACM

g o e B

article, we will be primarily cuncerned with Uicir first
proposal [#2].) A popular alternative to a substitutional .
compraessor is a slatisiical comprossor. A symbolwise
stalistical compressor functions by accuralely prodict-
Ing the prabability of individual symbols, and then en- -
coding these-symbols with space close to'=log; of the
predicted probabilities. Tho encoding. is accomplished
‘with elther Huffman compression [17] which hasre-
cently boen made one-pass and adaplive [11, 22, 37},

20, 31-33], The major challenge of a statistical cam-
presser is Lo predicl the symbol probabilities. Simple
strategies, such.as keeping zero-order (single symbol) or
first-order (symbol pair) statistics of the inpul,-do not
compress English 1ex1 very wall, Several authors have
had success gathering higher-order stalistics, bul this
-necessarily involves higher memory costs and addi-
(ional mechanisms for dealing with situations where
higher-order stalistics are not available (6, 7, 26},
1t is hard to glve a rigorous foundation lo the subisti-
lulional vs. stalistica) distinction deseribad abgve. Sov-
eral authors have observed that siatistical methods con
be used to simulate taxtual substitution, suggesting that,
the statistical category includes the substitutivnal cato.
gory [4, 24}, Hawover, (his takes no sccount of the sim-
pliclty of mechanism: the virtue of textual substilution
is that It recognizes and removes cohierence on a large
scale, aftenlimes ignoring the smaller sealo stalistics. As
a result, most textunl substitution comprossars pro-
cess their compressed reprosentation in larger hlocks
thar their statistical counterparts, thoreby galuing o sig.
nificant speed advantage. 1t was previously bolieved
that the speod goired by textunl substitution would
necossarily cost somuthing in compression achioved,
Wae woro surprisod o discover that with careful atlon.
tion 1o coding, toxtual substifution gompressoers ein
malch the compression performincn af Ui best statisti-
eal mothols,
Consider tha fofluwing s lmuw which we \\1l| e
prove lutor o (e neticlo, - Comprassaid files contiin two
typas of codewords:

literal x pass (e text ¥ charnctees directly Gilo the

wnsompiressind ol

< xuhorpetors orwand e goeeont position,
.

Aprit 11 Volone 138 Number 4
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. So, for exempla. the l'olldwlng pi}cn of literature::
| IT HAS THE BEST OF TIHES eI g

IT: HAS THE HORST OF' TIHES

wuuld compress lo© : P

(literal 26)IT WAS THE BEST OF TIMES,
(copy ‘I'Ir-ZGlfhler_:l'l 3|WOR({copy 11-27)

The compression achicved depends on the space re-
quired for the copy and lileral codewords, /Our simplest
schome, héreafer denotad A1, uses 8 bils for 4 literal
codeword snd 18 for a copy codeword. If the first 4 bits

“are 0, then the codeword is a literal; the next 4 bits
encode a length x in the range [1,.16] and the follow-
Ing x characlers are literal [one byle per cheracter)..
Othorwise, the codeword Isja copy; the first4 bils
encade a length x in the rn’nge’{t ..18) and the next
12 bits are a displacement iin the range (Y. .4096]. At
eagh step, the policy oy which the compréssor chooses
beiween a literal and a copy is as follows: If the com-
pressor is idle (just finished'a copy, or lerminaled a
literal because of the 16- character limit), then the long-
est copy of length 2 or more Is issued; dtherwise, if the
longast copy is less than 2 lang, & Jiteral is started. Onca
started, a literal is extended across subsequent charace
ters until a copy of length 3 or mare can be issued or
until the length limit is reached.

A1 would bresk the first literal in'the above slampla
inte two literals and compress the source from §1 byles
down lo 36. A1 is clase lo Ziv and Lempel's first textual
substitution proposal [42]; One difference is that A1
uses a saparale literal codewaord; while Ziv-and Lempel

. combine each copy codeword with e single literal char-
acler. We have found it useful to have longer literals
during the starlup transient; afler the startup, it is bet-
ter to have no literals consuming lpal:a in the copy
codewords, .

Qur empirical sludios showed thnt. for source code
and English text, the ficld size chotces for A1 are good;
reducing Lhe size of the literal longth field by 1bit
increases comprossion slighily bul gives up the byte-
alignment property of the'A1 codowords. In short, if
one desires a simple mathod basod upon tho copy and
literal idea, A1 is 2 good cliolce.

A1 was dosigned for 8- bi.l.por_charnctu: lext or pro-
gram sources, but, as wo will soe shorily. 1l achloves
good compression on other kinds of source dato, such as
compiled codo und imagos, where the word modol does
nol maleh the sourco dala parlicularly woll, or where

" no madel of tho source Is oasily porceived. At ls, In
fact, an axeellont approach to ganeral purposo data
"compression. In tho rumaindor of this atticle, we will

study A1 and sevoral moro powarful varialions,

2. OVERVIEW OF TIIE DATA STRUC_TURE

Tho fixad window sulfix troo of this artlclo is n miodifis
_cation af MeCroight's suffix [rea [20] (xoo nlso [21. 34,

201, which-is flsolf o mocdificntlon of Morrison's PaTw:-

cia Lean (0], nnd Morrlson's Lesa 18 ultiimataly basod on

i Trio datn strueture |22, prgo 401}, Wi will roview

mech of theso dato structuros hriofly:
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A Trie is a tree structure whera the branching occurs
sccording lo “digits” of the keys, rather than according

* 1o comparisons of the keys. In English, for examplp, the

mos! natural “digits” are individual letters, with (he Ith
liwnl of (he tres branching according ta the [th Intlar of .
the words in the tree. .

In Figure 1, many internal nodas are supurl’luou}.
having only one descendanl. If we are building an
index for a file, we can save space by oliminaling the
superfluous nodes and putting pointers to the fils inlo
the nodes rather than including characters in tho data
structure. In Figure 2, the characters in pareniheses are
not actually represented in the dala structure, but they
can be recovered from the (position, level) pairs in the' -
nodes; Figure 2 also shows a suffix poinler (as a dark
right armw} that will be explained later.

Figure 2 represents soms, but not sl}, of the innova-
tions in Morrison's Patricta trees. He builds the treos
with binary "digits” rather than full characters, and this

" allows him to save more space by folding the leaves

into the internal nodes. Qur “digils” are byles, so the'

" branching factor can be as large ag 258. Since'there are

rarely 256 descendants of a node- we do nol roserve_
thal much space in each node, but instead hash the”
arcs, There is also a question about when the strings in

parentheses are checked In the searching process. In |

what follows, we usually check characters immediately
when wa cross an arc. Morrison's scheme can avoid file

access by skipping tha characters on the arcs, snd doing |

only one file access and comparison at the end of the
search, Howaver, our files will be in main memory, so
thls consideration is unimportant. We will usa the sim-
plified tres depicted in Figure 2. .
For A1, we wish lo find the longest (up lo 16 charac-
ter) match to the current string beginning anywhere in

. the preceding 4096 positions, If all preceding 4098

strings were slored in a PATRiCIA tree with deplh 4
d = 18, then finding this match would be straightfor-

- ward, Unfortunately, the cost of inserling these strings,
can be prohibitive, for if wa have just descanded d
lavels in the tree to insert the siring starling at posihun
t then we will descend at least d = 1 lgvels inserting the
smns al i + 1. In the worst coso this can lead lo O(nd)

STNAY STRIE
ASTRAY ASTRIDE
o FIGURE.1. A Tra
: Comitnmnivations of the ACM
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-shows o complicalud casg where

N

insertion time for a file ol'slro it. Since later encodings

+ will use much larger values for d than 16, it Is impor-

tant 1o eliminete d from the runnjng time.

To insort the strings in O(n) timo. McCreight added
additlonal suffix palnlcr'l lo the treo, Each intornal
ndc , ropresenting tho siringaX on the path from the
rool 1o tha internal nade, has a‘pointer lo the node
represepling X, the sll:lng obtained by siripping a single
letter from the beginning of aX. |fksiring starting at i
has just boen inserlod al lsvel d we do nptinecd lo
return (o the rool {6 inser{ the siring:at i + 1; inslead,

_a nearby sulfix poltiter willload |.|s lo 1he relevanl

branch of the trge.,

Figura 3'shows hb\\ suffix. Ilnkq are crealed and used,
On the prnwous uarn;lon we have malghed the string |
aXY, where nis a. slnglu ‘characlor| X and ¥ are strings, .
and b Is the first unmaluhod character afler Y. Flgure 3
now internal node, |
«, has been added 't the-tree, and the sulfix link of &
must be computed. Wa Insert the'nex! string XYb by -
going up the tree 10 nodo 4. representing the string aX,
and crossing its sufix link to 7, rﬂprcsunling X. Once
we have crossod thie suffix link, wo descond again in
the tree. first by “réscanning” tha siring Y, and then by
“scanning” from & until tho-new string is inserted. The
first parl is called "rescanning" bacause it covers a por-

‘tion of the string thal was coverefl by Lhe provious

ingert, and so it deos nol require chocking the internal
strings on the arcs. {In fact, avolding these checks is
essenlial to thp lingar lime functioning of the algo-

_rithm.) The roscan either ends al an existing node &, or

& is crealed to insorl the new string XYb: sither way we
have (he destinalion for the suffix.link of . We have
restored the invarlant that év_ory_l.nwrnll'ncds. excopt
possibly the ope just crented; hes a suffix link.
For the A1 compressor, with-a 4096:byte fixed win-
dow, we nood a way. 1o delete and reclaim the siorage
for portions of the:sufix treo roprosonting strings fur-
ther back thon 4098 in the-filo. Soveral things must be
added to the suffix tree datn siructure. The lcaves of

_the tree are placed in a cireular buffer, so that tho

oldest leal can ba identified and|reclaimed, and the
internal nodos ard given*son count” flelds, When an

rescan

<
-
-

W 0
"ASTRAY

File: :RS TFI | DE

FIGURE 2. A Patmicia Tree with a Sulfix Peintor
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FIGURE 3. Building a Suffix Tree -

internal "son counl” falls 1o one, the node is deleled
and Lwo conscculive ares are combined. In Section 3, it
is shown that this approach will never leave a “dan-
gling" suffix link pointing lo deleted .nodes. Unlortu-
nately, this is not the only problem in mainlaitiing a
valid sulfix tree, The maodifications ihat svoided a'ro-
lurn lo the reot for each new inserlion create havoc for
deletions. Sinco we have nol always returned to the
root, we may have consistently entered a branch of the
tree sideways, The pointers (o strings in the 4006-byle
window) in the higher levals of such a branch can be-
come oul-of-dale, However, traversing the branch and
updaling the poinlors would destroy any advantage
gained by using the sulfix links. 3

“We can keep valid poinlers and.avoid oxlensive up-
dating by partially updaling according lo a pefeolating
update. Each inernal node has a single "update™ bit. I
the update bil is true when we-are updating a node,
then we set tho bit falseand propagate the updale re-
cursively lo the node’s parent, Otharwise. we sel Lhe bit
true and slop the propagation. In the worst caso, o long
string of true updates can cause the update lo propagate
to the rool. However. when amortized over all new
leaves, the cost of updaling is constant, and the affect of
updating is 1o keap all internal poinlors on silions

. within the last 4096 positions of ihe file, Theso fcts

‘will bo showni in Section 3,

We tan now summarize the operation of the inner
loop, using Figura 3 again. IT we have jusi created node
o, then wo use «'s paront’s sulfix link 1o find v, From ¥
wo move down fn thetreo, first rescanning, and then
sennning At tho ond of tho sean, wao pareolaty an ap.
duta from the loal, moving loward e roal, salling H
position fields ogunl to the vurerent position, and sotting
tha updato Dits fnlso, wotll wo o o node with oy
updato bit that is alrandy false, whoreupon wa sot that
necla's update bit teaw and stop U percalntion. Finally,
wa ko Lo tha eiccular buffor of lonvos and replacn the
olddest lonf with tho wewy Jonf U the oldest fsaf % preeat

“ling only ono romainiug son, then 1 mest alse b do-
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" leted; in' this caso, tho remaining son is atlached to ils
grandparenl, end the deleted nade's position Is perco-
lated upward as before, only at each slcp the posilion
being percolated and the pasition abready in the node *
must be compared and the more. n:ciml of these sent
upward in the lres. )

3. THEORETICAL CONSIDERATIONS

follows {fom McCreighl's ofiginal paper [28). Here we
will concarn ourselves with the correctness and the
linearily of suffix tree dcslrucllun—\]uuiluns raised in
Seclion 2,

THEOREM 1, bﬂelhlg lmues in FIFO urdcr and r.'em'r'ug
Anternal nodes wilh sungi‘c sons will never. mm- dangling
suffix pointers.

Proor. . Assume the contrary. We have o node
with g suffix pointer (o a node & that has just been-
deleted. The existence of « means thal there ara al
loast 1wo strings that agree for | pasitions and then
differ at ! + 1. Assuming thal these {wo slrings starl at
posilions i and j, Where both i and jlare within the
window of recently scanned stzings'and are not aqual
lo the current pnslllon. then there are-are lwo even
youngor sirings'at i + 1 and j +1 that differ first at I,
This contradicls the assumption that & hes one son. (If
either { or jare equal lo the current position, then e is
2 new node, and can !empnrarily bu without a sulfix-
pointer.) ¥

There are two iszues related Lo the porcolating update:
its'cost and its effectivenoss, -

Tueorem 2. Each percalated upd'a!e I'ms conistant amors
tized cost.

Proor. Wa assummo that ihu dalg strucluro conlains
a.“credit” on each. inlernal node whore tha “update”
flag Is truc. A new loof can bo added wilh two “credils.”
Ono is spont Immedintely ta updalp the parent, and the
othor is combindd with any credits:remaining at the
parent lo-either; 1) oblaln one.crodit to leave 2l the
parent and terminata the algorithm or 2) obtain 1wo
crodils to apply tho algorithm rocursively el the paronl,
This gives an amertizod cost of two updulu! for each
new leal,

Tur the noxt theorem, dofing the “span® of a sulfix trea

. 1o bo-agual e the size of lts fixed window. So far wo
hava ysed oxnmplas willy * *span” otjual to 4006, bul lhn
villue is Nexibla,

Tugenew 3. Usirig the percolating update, every inter-
< el node will be pyrdated al Teagt onee during evory period of
Tength “span.”

Puoor. 1 is usnful o praye tho sghtly strongor ra.
peeriod) will o upditod-twice duging o porlod, nnd thus
prapngiato al lonst ono updote to 18 paront. To show n

comtrnedictlon, wa Gy -t aneliost period nnd the node
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. that updaling can be omilled whon new ares are added

sult that ovary inteenul soda (thnt romnins foe on entiro -
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B farthest from the root 1hﬁl does nol propagate an
‘ updale lo its parent. 1f § hes at least two children that
: have remained for the enlire period, then 8 must haye

received updates from theso nodes: they arg farther. -

: from the root, If § has only one remaining child, then

it must have a new child, and so it will slill get

two updales. (Every newly crealed arc calses a son

to update a parent, percolaling If necessary;) Similarly,
two.new children also cause lwo updates. By every
accounting, § will receive lwo updates during Lho
period, and thus propagale an update—contradicling
our assumption of §'s failure to update Its parenl,

There is some flexibilily on how updaling is handlad,
\We could propagate the current position upward befora
rescanning, and then wrile the current posilion-into
those nodes passed during the rescan and scan; in this
case, the proof of Theorem 3 is conservative. Allerna-
tively, a similar, symmetric proof can be used 1o show

so long es we propagate an update alter every arc is '
deloted. The choice is primarily a maltor of implemen- :
talion convenience, although the mellind used abova is
slighlly faster.

The last major theoretical cénsideratjon Is the effoc-
tiveness of the A1 policy in choosing belwoen literal Ty
and copy codewords. We have chosen the following - N
one-pass policy for A1: When the encoder is idlo, issue
& copy if [t Is possibli: to copy Iwo or more charactors:

: otherwise, slart e litaral. If the encoder has proviously

started a literal, thon torminale the literal and Issue a
copy only if the copy is of length three or greater.’
Notice that this rolicy can sometjmes go astray, For
axarnple suppoes that the compressor is idle at position
i and has the feHowing copy lunglhs availablo al subse-
quent pusllluns'
i i+l i+2 P¥3 it4 i+5

‘13 18 13 14 13 [11_

Undeor tho policy, the comprossor oncodes position i
wilh o lileral codeword, then takes tho copy of length 3,
and finally lakes a copy of lenglli 14 nt position i + 4, 1t
usos 6 bylos in the encoding:

(literal 1)X(copy 3 = y)(copy 14 = y)

If the compressor had forosight it could avaid the
.copy of length 3, camprassing the samo materinl into
5 byles:

[lite._-ml 204X (copy 106~ y)

Tha optimal solution can be compuled by dynamic
programming [36]. One forward pass records (o lungth
of tho longast possilila copry ol each position [as in equa-
tion 1) and tho displocomont fur the copy (ol shown in
oquation 1), A second bnekwird poss compilig the
optimal way lo linish comprossing the fle from coch
poslilon by racording tha bost ey 1o s o tha
longth lo the end-al-file Finatly, anothar forwared poss
ronds off tho sulition and oulputs the comprossod file,
Hawnvor, one would probnbly naver wint s dy.
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namic programming since (ho one:pass heuristic is a lot
-faster, and we ecslimatod for soveral typical files that
the heuristically compressed output was only about -

1 percent larget than the oplimum, Furthormare, we
will show in the remiaindor of this section that the sizo
_ oftho compressed [ila is nevor worse than % the size of -

the oplimal solution for 1he'spocific A1 encoding

~This will require duvulopins somo analylic loals, so the

non-mathematical mudut should fac!. free lo'skip lo
Section 4.
Thi following definltions are useful:-

Definition.
in the file.

" Samplao F(i)'s wdru'given-nhovu in oquation 1. They are |
dependent on the encoding used. For now, wp ‘aro as-

suming thol they are limited in'megnilude to TB-and’
must correspond Iompy sources wllhin the last 109&
characters.

Definition.  B(i]-is the size of Jh_r best way gu comfiress
the remainder of the'file, starting al position i.

B(ﬁ's would bo computed in tho revorse poss of the
oplimnl nlgorithm oullined above. 3
The following Théoroms are given without proaf;

Fii # 1) = Fli) = 1. :

TueoreM,  There exisls a opumn! solution where copivs
are fongest possible (ic., only copivs correspanding fo F (l} s
are used). :

TieoreM,

TiHEOREM, G(r] is rumiumm' .ﬂ'm-n:mw

Tieprem. ~ Any solufivi- can be mud'l,fmd withont ﬁﬂ'ec!-
ing lengtl, so that (Iiteral x,) followed inunediately by
(lireral xy) implics that xy is maxivuom (i this case 16),

We could cointinua 1o renson in-this voln, but there is
an absiract way of lnoking at tho:prolylom (hat Is both
clearer and marg genaral ‘iupposuv-u have o non«
(]F!urlmnt:ll(. finiie outomalon where cach Iransition s
givon o cost. A-simpla.examplo is.shown in Figure 4.
The maching ncewifs (o +.0)* with costs as shown in
parnthoses,

Tha total cost ul'nf.ﬂu:lhm i siring I.-l tha sum of tho

Fli) is the longest fensible copy af ;msitfu;l I

FIGURE 4, A Nondeterminisiic Automatan with Transitlon Cosls

Eammcations ol DA CAL

- transition costs for each characier. [Whiiu'il is not

imporlant 1o our problem, the optimal solulion can be
compuled by forming a transition matrix for each let-
ter, using tho casls shown in parentheses; and then
multiplying the matrices for a givan siting. treating the
coelflicients as elements of the closed semiring with op-
erations of eddilion and minimization.) We can obtain a
solution that appraximalos the minimurm by deleting
transitions in the original machine until it becomes a
deferminis(lc machiro. This corrésponds to choosing a
policy in our original data comprcmnn problem: A pol-
icy for the machine in Figure 4 is shown in Figura 5,
Wao now wish lo corhpara, in tha wors! case, the dif-
forence between optimally accepling a siring wilh the
non-deterministic machine, and delerministically ac-
cepling the sama string wilh the “poticy”.mochine, This
Is done by taking ¢ cross product of the two machines,
as shown in Figurn 6. :
In Figure 6 there aro now lwo weighls on ench transi-
tion; the first is tho cost in the non-deterministic graph,
ond the second is the cosf in the policy graph. Asymp-
totically, the relationship of the optimal solulion 1o tho
policy solution is dominated by the smallest ratio ona
cyclo in this graph. In the case of Figure G, thero is a
cyclo from 1, 1" 10 1, 2' and back that has cost-1n the
non-determinisiic graph of 2 + 1 = 3, and cost In the
policy graph of3 4 3 = 6, giving a ratio of ¥z Thal is,

¢ Sty

FIGURE 5, A Deterministic “Policy" Automaton for Figure 4

the policy sohition con be lwico as bad as thg oplimuam
on the steing ababapabab,_,

In gonoral, wo ean find the eyclo with the simallest
ratlo machanieilly, nsing wall known pehnigues [0,
27} Tho tddua s toconjectuen o edlo ramd then reduen
the pairs of weights (x, v} on o ares o single weights
X=-rp Unelor this reduction, a evtlo with zern weight
Dt rantio oxactly v eyele hus negative waighn, than
Is 100 Tnego, Tha rintio on o ey tli s v ns
now conjocturo, ud thi process is ilerated, [Nogativo
eyclos nra dutoctod by ruming o shortest path algo-
tithm and-ehoeking for comearpgemee) Onee we have
Tovned o sndmbinate pntio eveln, wa cnierale o worst

oo striong Ti e origiond avtomate proddem Dy finding

a'puth Feom tho stark stato b the evely aod e regent.
g Uh ewvelo Taddofinttaly: Tho vatio ol i costs ol aes
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FIGURE 8. The Cross Product

capting the siring non-deterministically- -and:dotormin.
“istically will converge la the ratip af the cycle. (The

path taken in the cross product graph will not necessar-.

ily bring us lo the sama eyele, due to the inilial path
{ragmant; we will, novortheless, do ot least as well.)
Conversely, if we have o sufficiontly long string with
non-deterministic lo deterministic rotio 7, then the
string will eventually loop in the crass praduct groph, If
we remove loops with ratio groatet than r weo only Im-
“prova the ratio of tha slring, so wa must oventually find
a loop with ratio at loast ns amall.as r.

Tho above discussion gives us an glgarithmic way of
analyzing our original.data compression problem. The
possible valuos of F(i) are encoded In a 17 characler
alphabel py ... pu, ropresenting the length of copy
availablo at gach posjlion. Tha camprossion slgotithm
is described by o non-deterministic machino thet ac-
cepls strings-of p: this machine has costs equal to the
lengths of thé codawards used hy (ho algorithm. There
aru lwo paramatorizod s l' in this:-mochino: I, means
that thero is a litefal cmfnword undar.construetion with
x spaces st availablo; ¢, monana.that-a copy is in prog:
rass with y characiors romaining (o copy. Tho Idle state
is lo ® cu. I 1ha tion-dulerministig machine, tha possi-
bl (ransitions afe

"
By 1 start o ltoral

Iy == Ler continue w ol (x 2 1) ?
AL {Il

start n copy -

conlinun a copy

o =7 Cusn

o (A nsterisk is usod o o wikd eord to danoto any stalo.)

- Hasued o they thoorams alwiva wo ||IIU||‘nlrt_Il'Il[Y ullmle
bl s Lransitions fo slmplify whut follows, For
axumplo,

oA a3 [ia sturt o ieend Trome fnwkdo o copy [y 2 1) (3)

Is vnnnenssary, Thi ditorn ladatle mnehing glvon

< April 1988 Valpane 12 Nhi;lrh!f Ll

R\‘err:h‘f.nw:ihltl,l'wll
2 % i
below, eliminales many moro trancitions:

Iy "—"-' I start a literal if i = 1

7 s f,-l continue a literal if x 2 1 and | s 2

L 22 ey start copyifizdorx = Onndi=2’
[ s €y-y conlinue'a copy "
Finaily w+ add one more machine to guﬂmnluc ﬂwl
the strings’ ufpraru realistic, In this machine, state' s

means ket the provious character was py. so.the index
of the next charactor must be at loast p,.,:

.n—o's; [jzi=1)

The cross product of these three machines has ap-.
proximalely 17K stalos and was analyzed mechanicnlly
to prove a-minimum ratie cycle of %, Thus (he policy
we have chosen is nover off by more than £5 percent,

- and the worst case is realized on a string that repoats

pi pottern ds follows:
1..2..3 4 38 no i
Pio P ' Ps P2 P Pa X
: Com
8 9 10 11 12 13 14 15 e
Pa Pa P2 v P2 e Pu Jlu 4

(There s nolhtng spocinl nhoul 10: if was chosen 1o

illustrate a long copy and ta match the example in
Appandix A.) The delorministic algorithm takes a capy
of length 10 in.tha first position, and then swilches lon
litoral for positions 11 and 12. Five bytes aro used In
each repotition of the patlern. Tho oplimal solution is
ono position oul of phase. It takes a copy of longth 10 in
the second position, and then finds a copy of length 2 i
position 12, for a lotal of four bytes on sach iteration.

+ Wo havo abslracled tha problem so that the possiblo
copy operations aro described by astring of . aml wo -
havo shown a pathological paltern of jy thatl results in
% of the optimal encoding. Thara might siill bo some
doubl thal such a siring oxists, since tha conditiop that
our thitd maching (8) guarantees, F(i + 1) = F(i) = 1, 1s
a necessary bul nol sulficien! condition. Novertheluss,
tha dolails of an actual mlhnlnyrnl string can be found

In Appendix A.

4. A SIMPLER DATA STRUCTURE

Althaugh tho quantity of eodo associntad with A1 is not
onormous, I Is complicatod, and the data structures aro
foirly lnrgo. In this soction, wo prosent stnaplor mothods
for finding the suffix and for propagating e window
position,

Tha altarnative to a porcalating upduto 13 1 updit
tha pasitions In all nadas haek to the rool whenaver o
now lonf I Insoriod, Thon no wpdutos are nooded whon
nodoa are dolotod. Tho update Migs can lo ollmdantnd, -

The alternativo to knffix polntors Is more complls
catoch The coat of movamant b a troe 18 not auilorng
moving doopir roguleos n Jush ible Toakup, which is
more nxponsive Uum followlng o prrait politur, 8o we
ean datarming tho sufllx by starting ot tha sulx ol
and followlng parant politors back tawnrd e oot ane
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N

il the suffix no:le 15 ronched. The suffix leaf is known
~ bocause the stri ng at i matched thy siring al some gats
" lier windaw posifion f1 tlin guﬁ‘lx Ieaf j+1.1s the next .
~antty in the lenl array. With this change. tho suffix
puinters van be oliminated.
 From a (hoorelical perspeclive, these modifications,
which have O(nd) warst case perfarmance for a filo of
siza n and cutoff depth #, are infarior to the O(n) por-
farmance of tha syffix tras. For A1, with a culolf of 16,
these. medificalions. improve average performance, but
the A2 method discussed In the nox! soction has such a
teop cut-off that sullix poinfers and percolalod updates
¢ are preferable, o ¢

5. A MORE ['O'.\IT'RFUL ENCODING

The 4.006-liyte window of A1 is foughly optimalfor
fixad siza copy and literal codewords. Longer coples
would, on average; bo found In o larger window, but a
Inrger displaceniont fiold would be required lo encode
thiem, To axplail a larger window, we must usc a
varinbln-widih encacling stalistically sensitive to tho
fiict that recordt window positions are more likely to be
useil by copy codewords than hose positions further
baek. Similarly, itis advantageous to use variablo-
width encodings for copy ard litoral longths.

There aro soveral approaches we might use for vari-
ablo-longth enceding. We could use fixed or adaptive
Huffman coding, arithmolic oncoding, a variable-longth
encocding of the intogors, or n managoable sel of hand-
designed codowords. Wa oliminatad {rom considoralion
adaptiva Huffman and arlthmelic coding bocause thoy
ure slow. Morepvor, wa fell thoy would pravida (at bost)
n secondary adaplive ndvantage since (he “front ond”
textual substilution is itsell adapting Jo the input, We
experimentod with a fixed Huffinan encading. o hand- E
designed family of codewdrds, ahd a.varlable-longth
enentling of tha injegers, 5o wd: w!ll compare these
apftinng hriofly: ; x

lInnti-De.-ligMd Cidgwords, Thil lso tlirl_:r.l gonoraliza-
“tiun of At with sliorl coples (hat usn fewor bits bul
cannol nddrane the full window,nnd longer coplos (hal
Lean adldross biegor hincks furthor back in the window,
Wil n-fiw. enclowords, this is fast nnet rolatively ensy to
implomaent. Howavar, sbme earg must bo laken in the
chuien of codowords 1o maximize comprossion,

Variahio-Langth Intogerea, Tho stmplost mathod wo .
teindd usas a wnary eoda lo spoclfy fold widih, followaed
by the flald [tself, Copy longth and displacomant flelds
e godod Indopondantly vin (his teehnlqua, so any core
ralutlans ara lgnorsd Thoro.are moro olaborato codings
af the lntogors (sueh-os [0, (101 ar [13]), that have boon
st by (18], e [ ' thale Implamantatlons of
Lampnl-Zv eoniprosslan, hoso ancodings have nleo
wwynnptothe properties for vory largo:Intogors, but the
wnnry coddo 14 hest For oue pueposos.alneo, as'wo will soo
abiortly, 1 ean Do T powily. 10 tho stotistles of the
nppdtentlon. Tha ey codo has the additionn] advins

Commnnfentions of the ACM =

lago of a simple Imrdwnrc 1mplnmr-n|n||on We will
return to the unary “eodo in more delail shnrl'ly

Fixed I{\:[I'murl. ltlnul!y, a fixad Huffman encodar
should be applind to sourco consisting of the copy
length and displacoment concalenated together (lo cap-
ture the corrolation of these lwa ficlds). Howaver, since
wo wish lo expand window size 10 16384 and maxi-
mum copy length la:2000, the realities of gathering
slatisiics and conslrucling an implementation dictate
thal wo restrict the input of the fixed Hulfmnn com-
-prossor 1o a size- much smallor than 2000 % 16304 by
_grouping togethor codes with nearly equal copy lengths
and displacoments. To improve speed we use lables o
encode and docode.a byle at a time, Noveriheless: the
Tixed Huffman approach Is the most complex and slow-
est of the three options compared hera,

Ta declde how much compression could be increased 1

wilh u Fixed Hulfman approach, we oxperimentad with
sovoral grouplings of nearly equal copy lengths-and dis-
placemonts, using a finer granularily for small values,
so (hat the inpul 1o the Fixed Huffman compressar hod
only aboul 30,000 stalos, and wo computed the entropy

" 1o give a theoretical hound on the compression. The

smallest ontropy we oblalned was only 4 percent more
compact than the aclual compression achioved with the
unary encoding dosgribied below; ‘and ary real imple.
mentation would do warse than an entropy bound.
Consequontly, because the Fixed Huflman approach
did not nchlove significantly higher compression, we
favor the simpler unary caclo, though this is nol an
overwholmingly clear choice,

Dafine a (starl, step, stop] unary code of the integors
as follows: Tho nth codeward has n ones followed hy a
zora follownd by a ficld of size start + 1 « slop. 1l the
fiold sizo is oqual to stop then (ha precoding woro can
be omillod.. The Integers are lald oul soquentially

" through thase m{lowurds For example. (3, 2. 9) would -

look liko: ; ‘
Codeword Range
xxx 0-7
‘Hxxxxx -2
110 xxxxxxy 40107

11 rexxxry - 1GH-679

Apponcdix B eontalns a simple proc.dura thal genor-
‘alos unary codos,

The A2 taxiual substintlon mothod oncoedes eopy
longth with a (2, 1, 10} coda, londing o a maximum
copy length of 2044, A copy langth of zoro signals o
Iitarnl, far which Htoral Tongth s thon oncadaod with
(0, 1, 8) codo, landing (o n maximum Horal Teogth of 63
bytos, If copy langth Iy nonsgoro, thoen eapy displace
mant s oncodad with o (10, 2, 1) eode, Thio oxnet
mnxlmum copy anel oral longths aen ehoson to avold
woaloc slaloa In tho wnary progrosstons: @ maximum
copy langth of 2044 1s suffietont for tha kinds of datn
ludlod In Soetlon B Tha AL paliey for ehousing bae

~twaon sopy ond Hioral eotdewords Iy wsod,
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Threo refinements are usod Lo incroase A can no longer address every earlier character, bul only
comprossion by approximataly 1.to 2 perconl. First, those where literal characlers occurred or copy code-
since neithor another literabnor a copy. of length 2 can words started; we refar to displacemonts computed this
immodiately follow a literal of loss than maximum lit- way as “compressed displacoments” throughoul. Copy
eral lenglh, in this situation, we shift copy length codes length is stlll measured in characiers, like A1, By.in-
down by 2. In other words, in the (2, 1, 10) code for serling this lovel of indirection during window access,

" copy length, 0 usually means literal, 1 means copy compression speed |ypically Iriples, though expansion
length 2, ete.: but afler a literal of Joss-thap meximum and the rale of sdaplation are somowhal slower,
literal length, 0 means copy !ongih 3.1 means copy ~ With "compressed displacements,” suffix pointers
length 4, etc. - and upddie propagation are unnecessary and. a simpler

Secondly. we phase-in tho copy. displncumnnl encod- PaTrictA treo can be used for the dictionary. Entries are

" Ing for srnaﬂ filos, using a {10 = x, 2, 14 — x) code, . made in the tree only on codeward boundaries, and -
where ¥ slarts at 10 and desgends 1o 0 as the numbier of this can be done'In linear limé by starting at the roo!
window pu:l!ions grows; for example, x =10 allows . on each ileration. It is useful to creale an array of per-

2% + 2* 4 2* = 21 values lo bo coded, so when the manent nodes for all characters at depth 1, Since copy ~ ~
number of window positions oxecada 21, x Is: reduced fo  codewords of lenglh 1 are never issued, it doesn't mat-
9; and so forth. ' " ter that some pormanent nodes don’t correspond to any

Finally, to eliminate wasmd stales in lhu copy dis- window character, Each iteralion bogins by indgxing
‘placement encading, the largest fleld in tho {(10=x, ©  Inta this node array with the next character, Then hash
2, 14 - x) progression is shr Kuntlt is |just larga table lookups and arc characler comparisons are used
enough to hold all values thel must b reprosonted; that - Lo descend deepor, as in A1. The new window position
is; il.v values remain 1o bo éncoded in the lorgest fisld Is written inlo nodes passed on the way dovin, so up-
then smaller values are anceded With Llog,v . bils and dalo propagalion is unnecessary,
larger values with fogsw bits rather than 14 = x bits. In shorl, the eomplicalions necessary lo uchnova cone .,
This trick increnses compression during stariup, and, if slant average lime per source characler with A2are -*
tho window size is chosen smaller than the number of eliminaled, Howover, one now complication is intro-
values in (he displacemont progrossion, it continues to . duced. In Lhe worst case, (he 16,384 window posilions
be useful thercafer, For example, the compression ol B2 could require millions of characlers, so we impose
studies in Section 8 use an A2 window size of 16,384 a limit of 12 X 18,384 charaglers; il the full window
characters, so the (10, 2, 14) cnde would waste 5,120 excoeds (his limit, loaves for the oldest window: posi-
slatos in the 14:bil ficld without this trick, - tions are purged from the irce. :

Percolating updato seoms proferable for the imple- Because of slower adoplation, B2 usually compiressos
mentation of AZ bocause of the large maximum copy . slightly less than A2 on small files. But on text and °
length: with update-to-reot, pathological Input could program source {iles, it surposses A2 by 6 ta 8 percent
slow the comprassor by a [actor of 20. Unfortunately, asymplolically; the crossover from lower comprossion
tha percolating update does not guarantoe that the sul- to higher occurs afler about 70,000 characters! A2 codb: .
fix tree will roporl the nearest position for & malch, so words find sll the near-term context, whilo B2 is re-
longer codewards than necessary may somelimes bo strictod lo start on previous codeword boundarics but
usnd. This problem is.nol sarlous bocause thetreo is .~ con cansequently reach further back in the file. This
often shallow, nnd nodes ricer tho root usually have givos B2.an advantago on files with o natural word
many sons, so updalos propegale much moro rapidly’ structure, such as toxt, and a disadvantage on files
than assumed in the analysls of Soction 3; On typical where noarby context Is especially impartant, such as
files, comprossion willy percolalod undnln Is 0 4 percont scannod Imegos,
loss than wi1h upduatoslo-robl, 8% + Wao also Iriod varialions whoro tho (reo is updntod

more [roquently than on evory codoword boundary and

0. A FASTER COMPRESSOR literal charactor. All variations up (o and including A2

" Az lins vory fnst oxpansion with a small storago ro. .can bo Implomonted within tho genoral framowork of
quirement, but, ovon though compression has constant this mothod, If spoed is not an issue. For oxnmple, wo
nmortizod timo, It I8 & (tmos-slowor than oxpansion, A1 found that about 1 percent highar comprassion can bo
andd A2 nro most appropriote.in applications wharo schioved by Insorling anothor com prossedl pasition bo.
comprossion spoacl s nol erliieal and whoro tho por- twoon tho two cheraclers ropresented by anch ongth 2
formanca of the axpandor noods te bo aplimizod, such capy codoward and anothor 0.5 parcent by nlso (nsert-
s the mass rolonsa of wofiwaro on flappy disks, How. Ing comprossod positions aflor anch characlor rupras
avar, in applicatlons sueh asilo nrehiving, fostor sonted by lenglh 3 copy codowords. Hawavar, linenuse

comproasion I3 noadlad, For (hla-ronson, wa hava doval: * thosa changos slow comprossion and exponsion wa
apad thiy 1 nnd B2 mothads doseribad liore, which use . haven't usad thom. .
thasamn aneodings ns At and A2, rospoctively, but

computo window displacomant difforantly, Gopy cocle- i IMf’RO\!’ING THE COMI'RESSION RATIO

words nra rostelclod (o sterl ot tho boginning of tho yth In Soction 0 wo conaldorad ways to spoacl wp eonpros.
provions eodoward o lori] eharotar smiitod; thoy sion ot The cost of alowor n{luulnlluu and nx|ln|lnlcm In

7 I
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this wcl fon we wl!] uxpllm l.hu other direction: im-

. proving the compression raliowith a slight cost o the
running time of tho algorithm,- a4

Whon a string occurs frnqunﬁﬂy in a filg, all the
methods we have'copsidersd 5o far waste space in theie
eheoding when' they aré oncudins the ropealing siring,

mulliple provious occutrences of the siring, yel only
one siring needs (o be copled. By conirasl, the data
sltuctures we have: used do nal wasle space. Tha re-
peating stfings share a.common fiath near the root. If
we base the copy codewords direclly on the data struc-'
" ture of the <:ii(:1iur|',ﬂ.'r we ean improve the compression
ralio significantly, {This brings us claset to the second’
style of Ziv and Lumpal‘a textugl.substiiution work (19,
29, 43}, whore a dictlonary is maintained by both the |
3 compressor and expander, Howaver, since we stlll use a
[ ; window and on explicit copy length coding, it is natural
) to view thls as g-miodiflcation.of our carlier compres-
-sors; in the siylo of Ziv and Lempel's first toxlual sub-
stilution work,)  ©

The €2 mathod uses (he same !’A'l'mcm {roe data
strucluros ns 112 lo sloro its dictionary. Thus il takes
two pieces of information to specily a word in the dic-

~tianary: a node, and a location- nlnng the arc bolween
the node and its pnrcm (sinco P.-.'rnt:m {roe arcs may
corraspond losifings with more than one characler).
Wa will distinguish two cases for a copy: i the arc is &t
o loafl of tha tree, thon we will use a LeafCopy coder
wordh, while If the arc is internal lo the troe we will use
a NudeCapy codoward. Essontially, those strings appoar-
ing two ar more limes in the window ara coded wilh
NaileCopies, avoiding (he redundancy of A2 or B2 In
these cases.

The C2 encoding bogms with @ single prefix bit that
is 0 for a NodeCnpy, 1.or a Lea/Chpy of Literal,

Por NadeCopy codawords, the profix is followed by a
node number in (0. maxNodeNa], where naxNodeNo is
tho largest node numbor used since initiolization; for
mos| files tested, maxNodeNo is aboul 50 porcent the

_number of leaves, Following the nodo number, a dis-
! plncement nlang the are from the noda 1o ils parenl is
£ . encoded; for most NodeCopy codowords the incoming
arc is'of length 1,50 no length fiold Is roquired, If @
length field Is roquirod; 0 denotos a malch oxacily at
the nodo, 1 a displacoment 1 down the arc from the
parant nado, olc. Raroly is the longth fiold longor than
- ana or {wo bils bocavso thoe are longlhs aro usunlly
shorl, so all possiblo displacomonts can be onumeratod
with only o fow hits, For both the nodo number and Lhe

Ingoming nre displncemant, the trick doseribed In Soc-

tion 8.1s usad 1o aliminato woslod slales in tha field;

that Is, [T v valuos must o encaded, then the smallor
valuns nrw pnendod with Upgae ) blis and largor values
with flinggu bits,

LeafCopies nro codod with unary progrosslona |lke
thosn of AZ or 2. A (1, 1,11) progrossion is usod lo
spuctfy tha distanco of the longeat mateh down the leal
ares from 1s pardnt niid, with O donoting a liioral; this

A8 Conmunteattonn of the. ACM

‘progression loads 1o a maximum copy longth of 4094

they are capable thuelf!ﬁnn tha copy displacoment to

. lain a dictlonary tree oxactly like the comprossor's Lraa

* found in the troo, in parlicular, the superior haurislic

.| canreconstruct the tree during docoding simply by
" hanging each new leal from the node or arc indicated -

'8, EMPIRICAL STUDIES .
" In this section, wa compare the five compression-meth-

{he dopondyney of comprossion on fily sizo fur all of the

bytes. Since another literal never occurs immedialely
after a literal of loss than maximum literal length, the
LeafCopy arc dislance progression is sluﬁ_od down by 1
when the preceding codoword was a literal (i.e.: arc
displacemon| 1 is coded as 0, 2 as 1, elc.). On n cross
soction of files from the data sets discussed later, dis-
lanco down the loaf arc was highly skowed, with about
half the arc displacoments occurring one chardcter
down the leaf are. Bocouse of this probability spike at 1
and th@rapid drop off al lorger distances, the average
length ficld Is small. Following the length fiold. 1he
window position is coded by gradually phasingin -
a (10, 2, 14) unary progression cxacily like B2's.
Literals aro coded by first coding & LeafCapy arc dis-
placement of D and then using a (0, 1, 5] unary progros-
sion for the literal length exactly like B2, E
Unlike A2 and B2, the expander for C2 must main-

to permit decoding. Natice thal this:is nol as onerous as
it might seem. During compression, the algorithm musl
search the troe downward (reol loward feaves) to find
the longest match, and this requires a hash table accoss
al each node, By cantrast, the expander fs told which
node wes malched. and can recover Ihe longthi and .
window position of the match from the node. No hash
tebla is roquired, bul thie encoding is resiricted: s copy
codeword mus! always represent the longest malch

used by D2 to choose bolween Literal and Copy code-
words must be discarded; instaad, when the longes!
match is of lengthi 2 or more, a copy cadeword must
always be produced, With this restriction, the expander

by the NodeCopy or LenfCapy codeword, or in tha caso of
literals, by hanging the leaf from the permaneni Llnplh
1 node for each literal characler.

{4

ods wo have doveloped wilh other one-pass, adaplive””
mothads. For mos! olher methods, wo do nat have well.
tuned implomentations and report only comprassion
rosulls, For implemantations wo have tunod for effi-
clency, speed is also estimaled (for our 3 MIP, 16:bil
word sizo, 8 megabylo workstalions). The oxecution
\imés used Lo dolermine speed include the time 1o
opan; read, and writo files on the local disk {which has
a relativaly slow, maximum transfer rale of 5 moegabits
por socontl); tho s||un|| Is compulad by dividing the une
cn:umprosml filo siza by the vxec ullnu tima for o large
lo,

Wo toslad fila typos tmgiortunt hl our warking snvis
ronment, Ench nwmbor in Toblo 1is the sum of the
comprossod Mo sizes for nll Glos in o group divided
by the sum of tho orlginnl file sizes, Cluets =0 show
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Chart 1. Compression vs, File Size; Data Sot SC_

 compression methods losted ort the soureo cods (SC)

data sol.
_Dala Sets . I
SC Source Codo. Al 8-bit Ascil-source filos from

which the bool file for our programming environment
is bulll. Files include.some English commesils, and &
donsely-caded collocilon of formatting information at
the end of each file redueos compressibilily. The files
themsolves aro writlen in'{he Codar language. (1185
filos, avoragoe sizo 11 Kbylos, (otal siza 13.4 Myblos)

TM Tochnical Momoranda. ~All filos from & directory
where compuler scionco tochnical momorande and
roporls aro filod, excluding:thase conlalning Imagos.
- Thesa filos aro 8-bil Ascll'loxt'with donsaly-codod for-
mniting information ot tho ond (like the soutce codo).
" (124 filos, averago sizo 22 Kbytos, lotal alzo 2.9 Mbytos)

-NS Nuws Service.  Ono filo for ench work doy of @
week frum n major wire sorvice; those files ara B.bil
Ascil with no furmaiting information: Using lextuel,
substitutinn-methods, thoso do not dompross as woll as
the technical momoranda of tho provious study group,
* aven though they nre mach largor and should be loss
“Impactid by stnrtup tennafynt; Inspoction suggosts that
tha lnegor vocahulney and oxtensive uso of propot -
numey might b rosponsiblo’ for this. (5 [Hlos, avorage
slz 450 Khytuw, totnl slze 2,0 Mbylos) .

April 1989 Volwme 32 Numiper 4
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CC Compiled Code.” The compiled-code files produced
from the SC dala sel. Each file contains several differ-
ent tegions: symbel names. pointers to the symbols,
statement boundarles and source positions for (he de-

" bugger, and execulsble code. Because sach region is

small and tha regions have different characleristics, .
these files severely test an adaptivo compressor. (1220
files, average size 13 Kbyles, total size 16.5 Mbyles)

BF Boot File, The boot file for our programming envi-
ronment, basically a core image and memary map.

SF Spline Fonts.. Spline-described character fonls used
to generate the bitmaps for character sets at a variaty pf
resolutions, (94 files, average size 39 Kbyles, lotal size
3.6 Mbyles)

RCF Run.coded Fonls. High-resolution characlet
fants, where the original bitmaps have been repl ;
by a run-coded representation. (88.files, average size 47

q

- Kbytes, total size 3.2 Mbyles) .
" SNI Synthetic Images. All & bit/pixel synthelic imﬁe

files from the directory of an imaging researcher. The
44 files are the red, green, end blue color separations
for-12 color images, 2 of which also have an exira file lo

12 :
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Chart 2. - Compression va. File Size, Data Sot SC
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eacode background trensparericy; in addition, there are
6 uthar grey scalo images. (44 files, average size 328
Kbytes, lotal size 14.4 Mbyles).

SCI Scanned Images. Tho red separations for all 8
bit/pixel scanned-in color images from tlie diroclory of
an imaging resoargher. The low-order one or two bits of
ench pixel are probably noise, reducing compressibility.
(12 files, averago size 683 Kbyles, lotal size 8.2 Mbytos)

Bl Dinary Imoges, CCITT standard images used to
qvaluato binary facsimile comprossion mothods. Each
Me consisis of 'a 140.byte hoador followed by a binary
scan of 1 page (1728 pixols/scan line % 2376 scan lines/

“page). Some images have blocks of zeros more than

30,000 bylos long. Bocausa thosa files aro composed of
1-hit rathar than 0-bit items, the gonoral-purposo com-
prossors do worso than thoy othorwiso might, (8 files,
averago §izo 513 Kbylos, lolal sizo 4.1 Mbyles) !

The spocial-purposo CCITT 1D and 2D éomprosslon
methails roported In [18) achlove, rospociively. 0.112
and 0,064 comprossion ralios on thase standard Images
when the extranoous ond-of-lina codos requlired by the
Inesimilo sinndard are removed and whon the oxlre.
noous 148-byto honder |s removed, Tho spocial-purposo

'CCITT 20)-rosull In significantly more compact than any

gonornl purpose mothod wo lusiod, and only CW and
€2 wurpassod (o 11 rosull,

Contmunicatlons of the ACM

Measuremients and Compression Methods

HOand H1. These are cniropy calculations made on a
per file basis according lo: g e
-1 :
Ho= -3 Plx = c)log:Plx = ¢}, - "
=1 ’
Hi==3 Plr=c)Ply=glx=c)
L= ' (8)
< logaPly = ¢|x = ¢

where x is a random symbol of (he source, ¥ Isa
randomly chosen pait of adjacent source characters;
and ¢ ranges aver all possible symbols. Because of the
small file size, the curves in Charls 1 lo 3 drop ofl to
the left. In theory, this small sampling problem can be
correcled according to (2], but we have found it diffi-
cult to eslimate the Lotal character set size in order 1o
apply these corrections. Nevertheless, Chart 1.shows
that Ho is a good estimator for how well a memoryless
(zero-order) compressor can do when file size Is a large
multiple of 256 bytes, and H1 bounds the compression
for a firsl-order Markov method. (None of our files were
large enough for H1 1o be an accurale eslimator.)

KG and V. These adaptive methods maintain a Huff-
man tree based on the frequency of charactors seen
0 far [n a file. The compressor and expander have

" roughly equal performance. The theory behind the
KG epproach appears in [11] and [23]. The similar V
method. discussed in (37) should get better compression
during the starlup transient gl the expense of being
aboul 18 percont slower. Il is also possible lo bound the
performance of Vitter's scheme closely 1o that of a fixed
non-adaplive compressor. Except on the highly com-
pressible CCITT Images, these methods achie‘vq
compression slightly worse than Ho, as expecteu. Bul
because of bit quantization, the compression of the
CCITT Images Is poor—erithmelic coding would com-
press close lo HO even on these highly compressible
sources, o

CW, Based an [6}. this melhod gathors highor-order
slatistlcs than KG or V above (which wo ran only on
zeroth-order statistics). The mathod that Cleary and
Witten doscribo keeps stalisiics to some otder o and
encodos each now character based on the context of the
o praceding charactors, (We'vo usod o = 3, because any
highar order oxhausts stornga on mest of our data sols.)
IT tho new charactor has novor before appeared in the
samo conloxl, then an escape mochanism Is usod lo
back down to smallor contoxis o ancodo the charnetor
using thoso stalistics. (Wo've used thoir escape meocha-
nism A with oxclusion of counts from highor-ordor cons
tox1s.) Decauso of high evont probubilities in some
higher-ordered contoxis and tha possibility of multiple
oscapos beforo o characlor ia encodad, the fruetional bit
loss of Huffman oncoding ls o concorn, 8o [U] wses arithi-
molie onceding, Wo have usad tha arithmutic sneoder
- In [40}, ' ‘

i April 1989 Volume 32 Number 4

Page 111 of 437




TABI.E Ik

A81 520 T4
A2 .J68 395 436 678
B1 A48 A58 501 753
B2 Aare 403 410 681

Gompl-ll son ol Compression Methods

608 502 657 186 218
538 AB0 .588 289 708 123
B£18 505 6768 349 ar 213
547 A59 603 255 J14 M7
527 A45

:5?8 .238 662 A05

ce 260 378 375 668

As Table [ shows, CW achieves nxcallem compres-
sion. Its chief drawbacks are ils space and tlime per-
formance. Its space requirement ¢an grow in proportion
to file size; for example, statislics for v =3 on random
inpul could require a troe with 256* laaves, though
English toxt requires much loss, Tho spaco (and conses
quently tima] performance of CW dogrades deamatis
cally on "more random™ data sots like SN1and SCL A
practical implementation would have ta limit storage
somehow, Even on English, Boll, Cleary, and Witten
eslimale that Moffat’s tuned implomentation of CW
is 3 times slower compressing and 5 limes slower ex-
panding than C2 [4].

MW1. This method, described in [29), is related to the
socond slyle of Lempel-Ziv compression, alluded to in
the introduction. It uses a Trie dala structure and 12.bit
codes, Inilially (and always) the dictionary contains 256
one-characler sirings, New material js encoded by find-
ing the longest match in the dictionary, outpulting the
associaled code, and then inserting a new diclionary
entry that is the longest match plus one more charace
ter. After the dictionary has filled, each iteration re-
claims an old code from among dictionary leaves, fol-
lowing a LRUY discipline, and reusos that code for the
new dictionary entry, Tho oxpander works the same
way. MW1 is simplo lo implement and is balanced in
performanco, with good spood both comprossing and

" expanding (250,000 bits/sec and 310 bits/sec rospec:

tively). The original method used 12-bit codos through-
oul for simplicily and officiency, Howovor, our imple-
mentaticn starts by using 9-bil codowords, incroasing to
10, 11, ond finally to 12 bits as the dictionary grows la
Its maximum sizo; Lhis saves up 1o 352 bylos In the

. comprossad flle gizo, On tox| and source cade, Miller

and Wegman doterminod that the 12:bil codoword slze

I8 closa to optimal for this mathotl. -

MW2, One drawbnck of MW1 is the slow rato of
bulldup of dietionary ontries, If, for oxamplo, the word

Aprll 1989 Volume 32 Number &

abedefghi appears frequently in a ﬂncumenl.”lhen_:nb
will ba in the diclionary afler the first occurrence, abc
after the second, and so on, with the full word present

only after 8 occurrences (assuming no help from similar

words in the document). A1 below, for example, would
be abla to copy the whole word abedefghi altor the first
occurrence, but It pays a penalty for the quick msponse
by having a length folil in (s eopy codoword, The idea
of MW2 is to build dictionary entries faster by combin-
Ing adjacent codowords of the MW1 schome. Longer
words like abedefghi are built up at an exponential

rather than linear rate. THeghief disadvaniage of MWz

.is Its increased complexity and slow execution. Our
implementation follows the description in [29] end uses
an upper Jimit of 4096 dictionary entties (or 12-bit

codewords). We did not implement the 8-12 bit phasa- .

in that was used In MW1 so the size-dependent charls
underestimate MW2's potential performence on small
files.

UW.  This Is the Compress utilily found in the Berke-
ley 4.3 Unix, which modifies a method described in a
paper by Welch [39]; the authors of this method are

S. Thomas, ]. McKls, S, Davies, K. Turkowskl, . Woods,
and |. Orost. It builds lts dictionary like MW1, gradu-
ally expanding the codeword sizo from 9 bits initially
up lo 16 bits. The dictionary is [rozen aflor 65.536 en-
trios, but If the compression ratio drops significantly,
tho dictlonary is discarded and rpbulilt from scratch. Wo
usod this compressor romotely on & Vax-785, so il is
difficult lo compara Its running time and implamenta-
tion difficylties with the other methods we imple-
monted, Nevartheless, bacause Il does not use the LRU”
colloctién of codos, it should bo festor than M1, How-
ovor, It has a larger tolal storagoe roquirement and gats
Worse comprossion lhan MW1 on most dala sels
studied.

BSTW. This mathad first partilions the Inpul Into
alphanumorlc and non-alphanumerle “words," so it is
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spocialized for (ex(, though we were able to run it on
some other kinds of data as well. The core of the com-

pressor Is a move-lo-front heuristic. Within each class,
the most recently seen words ére kepl on a list [we

. have used list size 256), If the next input word is al-

¢ready in thesword list, then the compressor simply
encadas the position of the word in the list and then
maves the word Lo the [ront of the list. The move-to-
[ront heuristic means that frequently used words will
be near the front.of the list, so {hey can be encoded
with fewer bils. I the next word in the input stream is
not on the word list, then the new word is added to the
front of the list, while another word is removed from
the end of the list, and the new word mus| be com-
pressed character-by-characler,

Since the empirical results in [5] do nol actually give
an encoding for the positions of words In tha list or for
the characters in new words that are outpul, we have
taken the liberly of using the V compressor as a subrou.
line to generate {hese encodings adaptively, (There are
actually four copies of Vilter's algorithm running, one
1o oncode positions and one to encode characters In
each of two partitions.) Using an adaptive Huffman is

* slow; a fixed encoding would run [aster, but we expecl.—

that a fixed encoding would slightly reduce compres-
sion on larger files while slightly improving compres-
sion on small files. We could not run BSTW for all of
the dala sets, since the parsing mechanism assumes
human-readable text and long "words” appear in the
other data sets., When (he unreadable Input parsed
well, as In the case of run.coded fonls, the compression

' was vory good,

A1, This is our basic method described earlier, It has
a fast and simple expander (560,000 bits/sec) with a

small storage requirement (10,000 biytes). However, the .,

compressor Is much slower and larger (73,000 bits/sec,
145,000 byles using scan-from-leal and update-to-root),
‘The encoding has a maximum compression to Ya = 12.5
percent of the original file size because the best it can
do is copy 16 chardacters with a 16-bit codeword.
Caveal: As wa menlioned above, the running times
reporled include the file system overhead for a rela-
livaly slow disk. To provide a baseline, we limed a file
.copy without compreasion-and oblained a rate of
760,000 bils per second. Thus, some of the faster expan.
sion rales we roporl aro severely limited by tho disk.
-For oxample, wo eslimate thal without disk overhead
the A1 expander would be.about Iwice as fast. On the
other hand, removing disk overhoad would hardly al-
fect the comprossion spoed of A1,

A2, This mothod, discussed in Soction 5, enlarges the
window (0 16,384 charactors and usos varfablo-widlh
unary-coded copy and litoral codowords to significantly
Increaso comprossion. The running time and storago -
roquiromants-aro 410,000 blts/soc and 21,000 byles for
oxpansion and 60,000 blis/sec and 830,000 byles for
comprossion {using sufflx polniors and porcolatod
uplate), :

Commintileatlang of i'flf ACM

' Bl This method, discussed in Seclion 6. uses the A1

encoding but triples compression speed by updating the
tree only at codewerd boundaries and literal charac-
ters. The running time and storage requirements are
470,000 bits/sec and 45,000 bytes for expansion and
230,000 bils/sec and 187,000 byles for compression.

B2. This method, discussed in Section 6, uses the
same encoding as A2 but triples compression speed by
updating the tree only at codeword boundarles and lit-

- eral characters. The compressor and expander run at

170,000 and 380,000 bits/sec, respectively, and have
slorage requirements of 792,000 and 262,000'byles.

C2. This method, discussed in Section 7, uses the
same dala siructures as B2 but a more powerful encod-
Ing based directly upon the structure of the dictionary
tree. Compression is about the same and expansion
sbout 25 percent slower than B2; the comprassor uses
about the same storage as B2, but the expander uses .
more (about §29,000 bytes). :

Table 1 highlights some differerices between lextual

-substitution methods like C2 and statistical methods

llke CW. [Time and space performance differences have
been discussed earlier,) There are several data sets
where these melhods differ dramatically. On NS, CW is
significanily better than C2. We believe that this is be-
cause NS shows great diversity in vocabulary: a prop-

. erty that Is troublesome for textual substitution, since it

cannat eopy new words easily from elsewhere in the
document, but Is benign for CW, since naw words are

“likely to follow the existing English statistics. On CC,
. *for example, C2 is significantly better than CW, We

belleve that this is because CC contains several radi-

. cally different parts, e.g. symbol tables, and copmpiled
" code, C2 Is able to adjust 1o dramatic shifis within a
* file, due to literal codewords and copy addressing that
« favors nearby context, while CW has no easy way (o
. rapldly diminish the effect of older statistics.

For all of our methods, A2, B2, and C2, window size
is a significant consideration because it determines
slorage raquirements and affecls compression ratlos.
Chart 4 shows compression as a function of window
size for the NS dala sel (concalenated into a single file
to avold statt-up eéffects), and for the BF boot file. These
two data sets wore lypical of the birodal behiavicr we
ohserved in our other dala sets: large human-readable
files benefit greatly from increasing window size, while
other test groups show litile improvement beyond a
window slze of 4K,

9, CONCLUSIONS
Wa have described several practical mothods far loss-
less data comprossion and davoloped data structures to

‘supporl thom, Theso methods aro strongly adaptive In

the sense thot they adapt not only during startup but
also lo contox! changes occurring laler, Thoy ara suit-
oblo for iost high spoed applications bucause thay

make only ond pass ovor source dala_uge only'n cons
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_ surprising because the pariicular advaniage of the

Chart 4.
Dala Set BF (top)

stant amoun! of storage, and have constant lmarllzed
execulion time per character,

Our ompirical studies paint {o soversl broad geneull-
zalions. First, based on the HO and H1 theoretical lim-
iis, loxtual substitution via A2, B2, or C2 surpasses
memoryless or first-order Markov methods applied on a
characler-by-characler basis on half the dala sets. On
tha other half, even the CW third-order mathod can't
achieve tha H1 bound. This suggests Lhal, to surpass.
textval substitulion [or general purpose compression,
any Markov. mothod must be et loast socond-order, and
to date, all such methods have poor spaco and time
performance.

Secondly, the methods we've developed adapt rap-

_idly during starlup and al transitions in tha middle of
files. One reason for rapid adoptation is the use of
smaller rapresentations for displocements to recent po-
sitions In the window. Anothor roason Is tho inclusion
of multi-characior liternl codowaords; Togothor tha liter-
als and short displncements allow our mothods to por-
fatm woll on short filus, filos with major internal shifts

- of vorabulary or statisiien] propartlos, and files with
hursts of poorly comprossing malorial=all properlios of
o significant number af files In our onvironmant,

Thirdly, It apponrs that the displacoment-and-longth
appronch 1o taxtual substitution Is ospocially offoctive

Aprll 1989 Valume 32 Number 4
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on small files, On 11,000-byle program source files. for
axample, A2 and B2 were over 20 percenl more com-
pect than textual substitution methads which did not
use a length fleld (UW, MW1, and MW2), This is nol

length field in copy codewords is rapid adaplalion on
small files. However, oven on the largest files tosted, A2
and B2 usually achieved significantly higher compres-
sion. Only on images did other methods compete with
them; our most powerful method, C2, achieved highet
compression than any other textual substitution
method we tested on all data sels. The effect of a length
field is to greatly expand dictionery size with little or
no increase in storage or processing time; our resulls
suggesl that textual substitution methods that use a .
length field will work better than those which do not.
Fourthly, studies of A2, B2, and C2 using dilferent
window sizes showed Lhal, for human-readable inpul
(e.g.. English, source code), each doubling of window
size Improves the compression ratio by roughly 6 per-

. cent (for details see Chart 4). Furthermore, the data

struciures supporting these methods scale well: running
time Is independent of window size, and memory.usage
grows linearly with window size. Thus Increasing win-
dow slze Is an easy way to improve (he compression
ratio for large files of human-readable input. For other
types of input the window size can be reduced to 4096
without significantly Impacting compression,

Going beyond these empirical resulls, an important
practical consideration is the tradeoff among speed,
storage, and degree of compression; speed and slorage
have to be considered for both compression &nd expan-
slon. Of our own methods, A2 has very fast expansion

.. with a minimal storage requirement; its weakness is
slow compression; even though the suffix tree dzta

structure with amortized update has constent amor- -

- tized time per character, compression is still seven

times slower than expansion. However, in applications = -
which can afford relatively slow compression, AZ is
excellent; for example, AZ would be good for mass dis-
tribution of software on floppy disks or for overnight
compression of files on a file server, Furthermore, if the
parallel maiching in the compression side of A2 were
supparted with VLS, the result would be a fasi; power.

ful hethod requiring minimal storaga both compressing

and expanding.

- B2 provides noarly three limos laster compression
than A2 but has somewhat slower expansion-and adap-
tetion, Thus B2 [s well :ulted !'or communication and
erchiving spplications. ’

- A1 and B1 do not compross as well as A2 and B2,
respectivaly, but bacauso of thoir twa-codeward, byle-
aligned encodings they are better cholces fir applica-
tions where simplicity or speed Is critical. (For exam-
ple, ], Gasbarro has dosigned and implemented 2

_oxpansion. mothod like A1 ta improva the ba: 2w 1dth of
- o VLSI clreult tostor [12],)

C2 achlovos signiflicantly highor comprossion than
B2, but lts oxpandor 1s somowhat slowar and hos d

Conumuniealions of the ACM 503

Page 114 of 437




804 Commimieations of e ACM I

Rescarch Contributions
N

larger storngo requirement, In the compression study

reporied in Soction. 8, C2 achioved the highest compres-

sion of all mothods losted on'6 of the 10 data sels. .
We believe that our implementations and empirical

results demonstrate the value of window-based toxtual
substitution. Togelher the A, B and C methods offer
good oplions that can be chosen according lo resource
requirements. ’

Wo now shew a string that has the F patiern of
-equalion (6) of Section 3:

1 2 3°4 5 @ 7
Pw Pw Pa Pa Pr Po Pa

a 9 10 11 12 13 14 135

Ps P2 P2 Pr Pz P P Pooees
Herealtor wa will stop abstracling the siring by its
copy lenglths; capital letlers are sirings, small letters
are single characlers, and i, j.r, p, b are inlegers. The
pathological siring follaws the patlern:

(&

whero the paramaler r is chosen large cnough so
thal ene ileration exceeds tho finite window (this
prevenis direct copying from the boginning of ono
M to a subsoquant My). Within cach M; wa have

groups,

Mi = CuGitGiz . o Gigugpeye . (10
and cach group is: '
Gi= s‘,.s!,_s,,.ims,,... ﬂ)_luorwlf?ﬁpn-a '.{”]

BaSiiaipraCiSipes + + +« Bpet Bjangpap=161.

We have introduced two more paramelers: p is the
number of minor blocks By, and u is the number of s
characiers. All of the s subscripts in the abava for-
mula are computed mod #. Tho groups skew so that,
for examplo, the beginning of Gy = 8, By 84y ..o
will nol match entirely with the beginning of
Gt = %, By8, . ... 1 will, however, match-in two
paris: the profix s,B, appears In hoth strings, and tho
| suffix Gy = ... By8psy ... will match with the suffix

of Gy = ... Bi$,.). If. for example, By lias 9 charac-
|| ivis, this givos Iwo conseculive Jocations whore  *
n copy of size 10 is possiblo, In the pattorn of
equantion 0.

'APPENDIX A
A Pathological Example

Moy oo Moo iMoMy oy MeciMoMy ol (9)

. In the case of our running example, where the finite

- rithm and the policy heuristic, .

* It remains lo creale the malch of longth 2 at posi-
tion 12 in equation (8). For this purpose, cach of the
¢; above are either ¢; or 0;. They will always'precede
respeclively even and odd numbered s, and malch
in pairs with their following s;'s. For example, the ¢y
In Goa ™= 51 By 5, €051 B285 . .. will malch wilh's;. The
£8; malch is hidden in a minor block segregated
from the odd numbered s

Bo = XuSuluSaluss ... fuShes

By = X0u$saSh+2CaShea + v« CoSap-2

Basn = X€i5001528154 ... C18p-3 : (12)

.

Bpsz ™ X00%: 00320085 . . . OnSe~1

This causes p and n 1o be related by:
pb = 2nr

window Is size 4096 and the maximum copy lenglh
is 16 charocters, an appropriate selting of the sbove
parameters is: .

b=8, p=100,

We need to take soma care that the heuristic doos
not find the optimal solutian, It turns oul that if we
Just slart as in equation (9), then the first M, will not
compress well, but the heuristic will start the behav.
ior we are secking In M,. Asymptotically wo achicve
a worst case ralio of % betweon the optimal algo-

r= 2, n = 200 (13)

In Soction § wo dofined o (start, stop, slop) unary -
codo of tha Intogars as a string of n ones followocl by
a zoro followed by a fiold of j bits, whore | 1s In the
arithmaotic progrossion defined by (slarl, slop, slop).
This can bo dafinad procisoly by tho lollowing
oneodar; .

APPENDIX B
Compuling a Unary-Based Variable Longth
: Encoding of the Integers

Encodo Var:
PROC [OUl; CARDINAL, start, step, last: caromat] ~ |
UNTIL uul < Powor2slart] no
PulBits(1.1]:
oul == out - Powor2|slart];
slarl e=slarl + slep;

April 1989 - Volume 32 Nupiber 4

Page

115 of 437



o

9 -

Research Contributions

ENDLOGP;
17 starl < lasl THEN PutBltlfqu start + 1;
—0 followed by ficld.of size "start”
ELSE IF starl > last THEN ERROR
eLse PulBits[out, start); - —save a bit
A& - '

PutBits: PROC[out: CARD, , bits: INTECER] ¢
Output the binary encoding ofSout™ in a field afmf
“birs.”

Notice that the encoder is able (o save one bil in the
last field size of the arithmetic progression.
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the Cy representation of
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binary representation; the k-
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