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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 bandwidth

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 I
Compression with Finite Windows," Communications of the

ACE; 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

specific 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 known 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

5 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

10 shown 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

15 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 ~
20 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

25 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

30 incident upon the suffix fields of the quantized
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.

35 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 avmagnetic disk storage

"7
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which isxerrcr protected as shown in Figure 6. In _

addition, the respective suffix fields of the quantized

coefficient code words can_be stored in a second data i

block 63 defined by a storage medium which includes a

5 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

10 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

15 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

20 more efficiently transmitted {with reduced or no

redundancy) using the second data link.

Upon reception of the compressed data, the

prefix fields of the quantised coefficient code words‘

can be decoded (as shown in Figure '7} and the lengths

25 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

30 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_

35 and will not be catastrophic. Following the

transmission of the encoded data and the possible

detection and correction of any storage and
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transmission errors by means of channel decoding known

to those skilled 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, de-quantized, and

inverse transformed, as known to those skilled 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 Qontrol 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.

2'7
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THAT WHICH IS CLAIMED IS:

 
  
 

  
 

 

 

1

data compris

gene ating a plurality of code words

An error resilient method of encoding

g the steps of:

representative fprespective portions of the data,

5 wherein each cod word comprises a first portion and an
associated second ortion, and wherein said code word

generating step co rises the steps of: '

gene ting the first portion of each _

code word, the first orticn including information

10 representative of a pr determined characteristic of the

associated second porti n; and

generatin the second portion of_each

code word, the second por ion including information

representative of the resp ctive portion of the data;.
15 and

providing error pr tection to at least one of

the first portions of the plu ality of code words while

maintaining any error protecti n provided to the

respective second portion assoc ated with the at least

20 one first portion at a lower lev 1 than the error -

protection provided to the respec ive 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 portions having

5 predetermined numbers of characters, and wherein said

step of generating the first portion of each code word

comprises the step of generating first portions which
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include information representative of the predetermined

number of characters which comprise the associated

10 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,

5 wherein said step of generating second portions having”

predetermined number: 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

10 predetermined number of characters comprise portions of

respective code words which have corresponding

probabilities of generation within a predetermined

range 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

5 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

10 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.

5. 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

5 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

associated with the at least one first portion via a

second data link, wherein any error protection provided

10 by the second data link is at a lower level than the

error protection provided by the first data link.

 

 

 

 
 

 
 

 

 

(}y 7 A data encoding apparatus comprising:
code wb d generating means for generating a

plurality of code

portions of the dat , wherein each code word comprises

ords representative of respective

5 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 ea h code word, the first portion

including information r resentative of a predetermined
10 characteristic of the as ciated second portion; and

second gen ating means for generating'

the second portion of each ode word, the second

portion including informatio representative of the

respective portion of the dat ; and

15 error protection mea s for providing error

protection to at least one of t e first portions of the

plurality of code words while ma'ntaining any error

protection provided to the respec ive-second portion

associated with the at least one 'rst portion at a

20 lower level than the error_protect' n provided to the

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

5 words.

Lm
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\ 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

5 generates first portions which include information

representative of the predetermined number of

characters which comprise 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

5 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

5 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

10 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.

ml
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x_ 12 An error resilient method of compressing

data oomprisi g the steps of:

()\ tran forming the data based upon a
predetermined t ansformation function;

5 . _ quanti ing the transformed data such that the

quantized data fewer unique coefficients than the 
transformed data; and

encoding the quantized data, said encoding

step comprising the steps of:
10 gene ting a plurality of code words,

representative of re ective portions of the data. I
which have respective irst and second portions,

wherein the first porti n includes information _

representative of a pre termined characteristic of the

15 associated second portio and wherein the second

portion includes informati n representative of a

respective portion of the ta; and

providing er or protection to at least

one of the first portions of the plurality of code

20 words while maintaining any e ror protection provided"

to the respective second porti n associated with the at

least one first portion at a 1 er level than the error

protection provided to the resp ctive 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

5 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:

5 generating second portions having

predetermined numbers of characters; and

1|]/""\
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3 generating first portions which include

information representative of the predetermined number
of characters which comprise the associated second

10 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 values, wherein’

5 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

10 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

5 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

10 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:

/--—a.

Page 72 of 437



Page 73 of 437

-43- . «

transmitting the at least one first portion

5 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

associated with the at least one first portion via a

second data link. wherein any error protection provided

10 by the second data link is at a lower level than the

error protection provided by the first data link.

18. An error resilient method of_compressing '

data according to Claim 12 wherein said transforming" I

step comprises the step of transforming the-data based

upon a wavelet transform.

19. An error resilient method of compressing

data according to Claim 18 wherein said transforming _-

step 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

5 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

5 number of transformed coefficients which are not

detected is at least as great as a predetermined

clipping ratio. ‘

22. -An erro resilient data compression

Q} apparatus comprising:

‘Hm
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10 \ a d ta transformer for transforming the data

based upon a p edetermined transformation function;

a da I
transformed dat

quantize: for qnantizing the

such that the quantized data has fewer

unique coefficie ts than the transformed data; and

15 a data lncoder for encoding the quantized

data, said data en oder comprising:

code word generating means for

generating a plurali y of code words, representative of

respective portions the data, which have respective -
20 first and second porti ns, wherein the first portion

includes information r resentative of a predetermined

characteristic of the a sociated second portion, and
wherein the second porti includes information_

representative of a respe tive portion of the data; and

25 error prote tion means for providing

error protection to at leas one of the first portions

of the plurality of code wor s while maintaining any

error protection provided to he respective second

portion associated with the at least one first portion

30 at a lower level than the erro protection provided to

the respective first portion“

23. An error resilient 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

5 the resulting code words.

24. An error resilient data compression

apparatus according to Claim 22 wherein said code word

generating means comprises:

second generating means for generating second

5 portions having predetermined numbers of characters;

and

first/generating means for generating first
portions w ' h include information representative_of

H
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the predetermined number of characters which comprise

10 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

5 partitioned into a first error protected data block and

a second data block, wherein any error pfotection ' _

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

5 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

10 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

5 transformer. _ ‘
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28. A computer readable memory for storing

error resilien encoded data. the computer readable

memory comprisi g:

a sto age medium for storing the error
data, said storage medium being

first error protected data block and

5 resilient encode
partitioned into

a second data blo k, wherein any error protection

provided by said s cond data block is at a lower level

than the error pro ection provided by said first data.

10 block; and 1

' a pluralit of code words, representative of

respective portions f the original data, which have

respective first and econd portions, wherein the first

portion includes info ation representative of a

15 predetermined characte istic of the associated second
portion, and wherein th second portion includes _

information representat ve of a respective portion of

the original data,
wherein at leas

20 the plurality of code wor

block of said storage medi

one of the first portions of

is stored in the first data

such that the at least one

first portion is error prot cted. and wherein the

respective second portion as ociated with the at least

one first portion is stored i the second data block of
25 said storage medium such that ny error protection

provided to the respective sec d pgrtion associated

with the at least one first por ‘on is at a lower level

than the error protection provid d to the respective

first portion.

29. A computer readable memory'for storing

error resilient 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

LV7
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characters which comprise the associated second

portion:

30. A computer readable memory for storing

error resilient encoded data according to Claim 29

wherein each of the plurality of code words occurs
according to a predetermined probability, wherein a

S 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 number of characters comprise portions of

respective code words which have corresponding"

10 probabilities of occurrence within a predetermined

range of probabilities.
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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

The prefix field

includes information representative of a predetermined

such as_

field and an associated suffix field.

characteristic of the associated suffix field,

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 greater and lesser degrees,

respectively, such that the data can be more

efficiently compressed.

—-3'99-1-EOH
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- , 1 - FII.lNGDA'l‘EGll_ANTED - i

AnApplicetlnI1NI.tmbar1IZ,nd Flljngfletehave been assigned tothie application. However, the items indicated

. below are mieeing. The required item! And feel identified below must he .eubmitted ALONG WITH1- _YMEI!l'r.OF..A-SUR.CHa\RGEforitems‘1end3-8on1yof —-*-"- mnugeenas.-.m

3 zhrfur-npuflqififlawhoheveflledeveuflednateuwotcleuuieg-mchwama. Thelurchargeisseifonhin37 1.1 .

Hellroqulrediieimonilliiforfiuefiledniithinllle '_ ueL~below.Iho'lntele:oouoIowedbyu.pplicanleae
entity. U-uwauu(maumm5w).u . ' - -

I . Appliclnltzia git-on ONl1'MON'l'li BIOM THE DATE 0FTlllS'l..ETI‘ER, DITWD MONTHS FROM '__l'll]§
FIIJNG DA'l'-Enfthiu eppliI:s|ion;..W_IllCIIl!VEll]B ;l.A'I'EIl,urill:1n which to filenll reqoiredimmu andpey eojrfooe
Iequued ehoveto‘evold.Ih|n'ch|unent. Extension: oftimemeybeohminedbyfillngepelitioneeconrpeniedhy Illa ‘

  

 enemion fee undertheplovlslon-I'ef3?'C.F'R 1.136111).

1. U The etetutory fee is: Clmiiasing Dilleuflioient. -Applicant an a El large entity Elemell .
entity, must submit 3 —' to complain the basic filing fee.

'2. El Additional cleimleee ofl - en a El large entity, D small entity. including any -
‘ multiple dependent claim tea, are required. Applicant must auhmitathe additional claim

f or cancel the eddllionsl claims for which fees are clue. '

a. '11: um dsclerefion:
is . _

Cl duet! not cover itemtomltted at time ofexecutiun. ‘

An net]: or declaration in eompllenea with an cm 1.53, identifyiuj the epplicefion by the above‘ '
Application Number and FllinxDete is required. . "

4. U The oath or declaration does not idenfilfythe application to which it eppliee. An-oath or declaration
in uomplienee with 87 GER 1.68, idenflifying the application by the ehove Applimtion Numher and
Filing Date, is required.

5. U The e:lgneturB(n) In the oath or declaration infers: I] missing; El by 9. person other than the inventor
- or a pereono qualified under 37 CF11 1.42, 1.43. or 1.47. A properly signed net]: or declaration in .

coroplienoe with"37 CF'E'1.63.- ‘idsnfifylne the application by the above AppliI=ation'N'l.ll'I1l)Br and
Filing Date, il required.

6. D The signature orfthe-followingjaint inventortsl is missing ii-om the oath or declaration:

__,_____jAnosth or declaration listing the names ofsll inventors and signed by
the omitted inventol-(3), idenfifiing thin application by the eh-oveAppl.ioetion Number and Filing
Date‘, in required.‘ _

7. :1 '1‘he.epplicetion we: filedin - language other.t.l1en Epglieh. Appllnent must-file e. verified English
. trltnsletlon-of the epplieelion and ribs ofSpender 3'? CH1 1.1'l'(l:), unless this fee has

already been paid. ,

8. El A U - _ - pmmeelng-fee in leqtllred since your checkwee returned without payment.(37 CF11 1.21(I!1)). ' '

-9. El. Your filing receipt woe meiledin error because your check was returned without payment. '

- 10. E] The application doee not comply with the Sequence Rules. ‘S-eeetteohed Notice to Comply with ,'
Sequ.enoeRu1ee 87 CFR 1.821-1325.

11; D Other. ' _
‘Direct-the reeponee and-any questions about this notice t.o,- Attention: Appllnetiou Proeeeeing liivieion.

. Bpscial Proeeeeingend Corneepohdense Branch (109) 308-12112. . ~

'A copy" of thie‘.uofice'-MES!‘ ‘be returned with-the response. ‘
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Meany and Martens
serial No. 03/633,396
Filed: April 17, 1996
For: ERROR RESILIENT METHOD

AND APPARATUS FOR
i 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}. Any additional fee or

credit may be charged to our deposit account No. 16-0605.

Respectfully submitted,

Q//’
Guy . Gosnell
Registration No. 34,610

Bell, Seltzer, Park E Gibson
Post Office Drawer 34009
Charlotte, North Carolina 28234
Telephone: (704) 331-6000
our File No. 8190-43
Order No. 14879

232639

I hereby certify that this correspondence is being deposited with the United
States Postal Service by first class mail in an envelope addressed to:
Assistant Commissioner of Patents and Trademarks, Washington, D.C. 20231; on

July 3. 1995 by: Signed: July 3. 1995
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- _ DECLARATION AND POWER OF .

ATTORNEY FOR PATENT APPLICATION

Attorney Docket No: 8190-43

As a below named inventor, I hereby declare that:

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.

E ] was filed on April 12. i225 as

Application Serial No. 03/633.395

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
3?, Code of Federal Regulations, Section 1.56(a).

I hereby claim foreign priority benefits under Title 35, United
States Code, Section 1l9 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 App1ication{sJ Pri ' C
_ .

(Number) icountryi (Day7Month?Year Filed} _ Yes No

(Number iCountry§ IDay7Month?Year Filed) Yes No

inumber) Country) iDay?Month?Year Filed} Yes No
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Declaration

I hereby claim the benefit under Title 35, United States Code,
§ l19(e) of any United States provisional applicationis} listed
below.

iNgneI -
(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 claims of this
application is 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:

+Lm,.::
 

lhppln. Serial No.) {Filing Date) H (Status)
(patented/pending/aban.l

{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 E. Elderkin

Registration No. 24,357,._-—_..___.,___
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Declaration
Page 3

Mitchell S. Bigel

Registration No._ggL§y$

Guy R. Gosnell CSEEEED
Registration No. 34,610'__.._.....:._.

Send correspondence to: ' guy R. Qgngll
Bell, Seltzer, Park &'Gibson

05 0 ice Dr

ar otte, North Carolina 28235 

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

Full name of first inventor: James J. Meany /-u.--

_ Inventor's ’; Signature: 1 Date:

//00 % _ Residence: Des P es Missouri
r________4

may

  

Citizenship: United States of America

Post Office Address: 2782 Diamond Ridge Lane
Des Peres, Mo, USA 63131

2 Full name of second inventor: Christopher J. Marten5/-no
Inventor's ' I

signature: Date: _

  

‘Residence: Creve Coeur, Missouri
~----''‘‘‘-—'‘ 2”)? C)

Citizenship: United States of America

Post Office Address; 1168 Town e Four
Creve Coeur, MO, USA 63141

333625
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‘. Pocuncund-'n-u:IuoaHrOtIioe Q3, .

«one. 0 ' 60*‘

Address: commieaicnsn or 9A1'E'i-nae
- -Ws|Hfi'Bl3|l|'I.__D,.El. '2ne31

 

ee/5:a:_g.e9as Dd/L7/96 MEAN?’ ' J 'o19o'—43

‘e~"-;. I ' . I ozszxosos I I ._ i‘ *
BELL, BELTZER Pom; AND aIB9oN ' -
POST UFFICE' 340139 ' ' _

CHHRLDTTE 2323!! , _ . ‘

I " . r . cntstloaeoi Mun - _ -
- NOTI ;TO-EIIJEMISSING PARTS'OF'i§PPI'iIC'$TION . USID6/96 I I

7 - 1-".FII.INGlJA'l'EGRANTED. - - .

_ ‘AnAppIlcatlonNum1air»and‘EllingD%atehavehoenassig'oed tothis application. However, the items indicated

. below are missing. Themaqulmtl items-ondfeee identified below must be ' ? euhmittefl ALONG WI'I'H' PAYMEN'T OF;-A  Efor items -1 and 3-8 oniyof I" I for large untitled or
.8 " foremouenlitluwhehwefiledoverlfledmiemectclnimlogsochstauie;'1'hesnrchnrgelsisetfetthlo
3'lCFR1.1I5(e). - -

It'l1lrequ4redltemnonfl1la"{orrnItIs'filcdwi1hlotlJe ' _actlie1ow.llicloteJnntowadbyapp]icantou
cotlty'.El‘smai1onIity(verifiodststeincmtiled).1s!. "'" . '

-Applicant is given‘ ONEMONTII FIOMTEE DATE 0F;TllIS LETTER.‘ ORTWO MONTHS FROM : HIE
FILING lM'1'Eoftb.1:op1‘Jlic_a't’ioo,. WBICEEVIRIS LATER, within-erhiclim file allieqim-ed'iimn and pay ooyfocs ,
required above to avoid of.u':i-on-may be obtained-by filing a petition aocompaoledby the
extension feeuodet the provisions ol'37 CLFR 1.136(3). "

1. CI The statutory basic filing foe :l.e:- I3 missing Cl i.o.au.flicient. Applicant as a El large entity Elemall
entity, must submit $__'.,_____,tao m_r_nplete the basic filing fee.

2. El Additional claim fees are as a El largo entity, El email imaty, including any
required multiple dependent cio.i.u:i'l'ee, are required. Applicant-must submit the additional claim

m/tea or cenceltha additional eleilns for which fees are due.3. oath or declaration:

to I
Q does not cover items emitted at time at execution.

  
  

An oath or decler-eidon in oompliaocewith 31' CFR 1.63, identifying the application by the above
Application Number and Filing Date is required.

4. III The oath or declaration does not identify the application tcrwhiah it applies. An oath or declaration
in compliance with 3'! CFR. 1. 63, ldenliifying the application by the above Application Number and
Filing Date, is required, ' _ ‘ . _ ' _

5. E! The ulgnatinwele) to the net]: or decianfion ieiere: CI mission; Dby apereon other than the inventor
or a person qualified gander 31' CPR 1.42, 1.43. or 1.47. A properly signed oath or declaration in '
compliance with 8'?‘ CF11 1.63, ldant:_lfil.o.g the application by the eho1reApp1icetioo Number and
Filing Date. is required. .

5. III The signature dfthe following joint i'.nventor(s) is lnluing rm '.«i.. oath or declaration:

oath or declaration listing the names of all inventors and signed by I
- the omitted iovootorm. this application by the above‘-Applicaizion Number and Filing
Date, is required. ‘ _

'1'. CI The applicatiioowes filed in a language other than English. Applicant must file a verified English
tt'nnslal:ion'ol’theepplli:t1liul1 enclsfeeofl. under3'l'CFR1-.1'l'fk). uniessthisfoeheo
already been — ' .

' 8. E] A 3-__________r'_proeea'sin4; fee is required since your check was returned without payment.
(3? CFR 1.21(In)). '

9. D Your.fi1J'nn' receipt waesmailed-l.o error because your check was returned without: paimfllll I

I 10. El '1‘.he application deco not comply with the Sequence Rules. See.sl:tu:hed Notice to Comply with
Sequence Rules 3': f:FR.1.s21-1.325. 340 or omnm 05633895

1 105 130.00 ck
11_..lIJ Other. I

.: €‘_'.L\-,5-"3-'l(a'L . {.:..i..¢”'.'«,=w:*,.s;-__‘ _

- Direct the response and-any que'_;§io_n_c_ahout this notice to. Attention: .Appl_lcauen-PrdceasiogDivlsion.- -
'5pocia1_Preeeeo[n|' and Branch ("(03) 80?-1202. _. ' "

.1 ........- -...;mr-.i..»..‘..u..'.'.i u1'-mot I... ..¢.:am}...u'l min. in... .-..mm.m.
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EBEENI '

THE UNITED STATES PATENT AND TRADEMARK OFFICE

_ \ we
- and Martens Group Art Unit: ti-”7"'9“

Serial NO. 03/633,895
Filed: April 17, 1996 Examiner:
For: ERROR RESILIENT METHOD

JBHD ILPEURRETTJS FCJR
ENTHROPY CODING

July 3, 1996

Assistant Commissioner of
Patents and Trademarks

Washington, DC 20231

INFORMATION DISCLOSURE

STATEMENT UNDER 3'? CFR 1.97

Si.r:

Attached is a form PTO-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 is requested that these documents be considered

by the Examiner and officially made of record in accordance

with the provisions of 37 CPR 1,97 and Section 609 of the
MPEP. I

Respectfully submitted,

. Gosnell

Registration No. 34,610

Bell, Seltzer, Park & Gibson
Post Office Drawer 34009

.Char1otte, North Carolina 28234
-Telephone: (704) 331-6000

our File No. 8190-43

23251:

I hereby certify that this correspondence is being deposited with the United
States Postal service by first class mail in an envelope addressed to:
Commissioner of Patents and Trademarks. Washington, D.C. 20231, on

July 3. 1996 by:— Signed: July 3. 1996
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Attomey Docket Number Serial Number
3190413 081633.396

N
Filing Dme: April 17, 1996

U. S. PATENT DOCUMENTS

A

B

C

D

E

F

G

H

I

J

K

FOREIGN PATENT DOCUMENTS

Docnmant Translation
Number Country Class Subclass Yes | No

l .

OTHER DOCUMENTS (Including Authur. Title. Date, Peliiinettt Pagan. Etc.)

Edward R. Fish: and Daniel H. Green, Data Compression with Finite Windows. -
 .Vol. 32. No. 4, April 1989, pp.-£90-505.

Imran All Shah. 0111 Akiwumi—Assani and Brian Johnson. A Chip Serfor Iosslarr Image
Compression, of alicI- ‘ ' . Vol. 26. No. 3. March 1991. pp. 237-44.

‘EXAMINER Initial if refarenoe considered. vfln-.thcr or not ciuuion is in oonfonnanoc with-MPEP 609; Draw line through
— clunlon if not in conformance and nut considered. Include copy of this form with pen cornmunication .to

applicant:
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K

Attomcy Docket Number ' ‘Serial Number ' L
flEa'633,896 ‘

¢
Gregory K. Wallace, The JPEG Still Picture Compression Standard. .
V01. '34, ND. 4, April 1991, D13. 3-0-45.

Olivier Riaul and Mania Vetterli. Wavems and Signal Processing, ,Ocmber

A. 5. Lewis and G. Kunwtcs, Image conpmnon Using the 2-0 Wavelet,
 ,vo1. 1. No. 2, April 1992, pp. 244-50.

| H -‘'..-!l 1‘

Marc Anwniul. Mid1e1Barlaud, Pierre Mathieu and Ingrid Daubechies. Image Coding [Mug
Wmiet Ihmsform. Vol. 1. Na. 2. April 1992. PP- 9-05-
20. ' .

Naotn Tanaba and Narlman Farvardin. Subband Image Coding Using Entropy-Cad'nd Quanl'iza1ion- ;
over Noisy Cfiannelt, 0 I ' ' ' . Val. I0, No. 5.1Imc '

Ami: Said and William A. Pearlman. Reversible imng.-. cornpressfan via nauirirzralution
repnsmtarion and predictive coding, SHE. Vol. 2094, 1993. pp. 664-74.

Jerome M. Shapiro, Embedded Image Coding Using Zerarreea qf Wavele: Coqflideuts. mflfl
' , Vol. 41. No. 12. December 1993. pp. 3445-62.

Michel L. Hilton, Bjfim D. Iawcnh and Ayau Scngupna, Camprming Still and Moving Images
with wmmr. .Vol. 2, No. 3, Aprfl 13, 1994. pp. 1-20.

Keith A. Birney d ‘mama’: R. Fischer. On an Modeling afDC'J" and Subbcmd Image ilarafar
Conwression. Vol. 4. No. 2. Fcbmm 1995. pp. 186-93.

_ Parthanrazhy srh-am and Michacl W. Marcellin. Image Coding U.'n'ng Wavelet
Emropy-Can.m'ainad flttfis-Codad fluanrizarion, L ', :.. .:_a.-:on5 a n_-'
No. 6, Ju.n:199S.pp.'7'25-33.
 

Ahmad Zmdl. James D. Allen. '
Rcvzrsibtz Embedded Wavefers.

I- I10 7'-"HI-I V -' ' - Eh
_ ciunion if not in mntcreme and not considered. Includ: cup}! of this form with next caomlnunication to

'~ I applicant. meal I 'J
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Hzsancu couraieefnoux.

illforirlrrris-lmd .DrrIn'Siru:Irms

Diril1'i'I$l:r'arnr ' ‘ HEifilglr '

  

U"1a3__ 9i '<

/’

|35a_lt7lal:;con1pros$ionin vyjth‘ Flitiite

' " "31=’Elli\lAHl1l'Hl'.FI'ALA anclDANiEL'H..GHEENE ' ' . ' -

.1B$TRfl.CT.-. Si-in-rill nu-mild: rm pi;-sciririi for adaptive.
I'rIm.':ii.!rlc darn |.'mIqIrrsii'ur| in III: stylr of L:mpL‘l's and
Zip’: first .'exi'mrl s:d:'m'ruliora ;rmp'os4{l, for lire firs: Hun
pm-rlimfs. Ilir article-dcsrribcs oronificgrfarrs cf McC‘rr'I‘glii"sslrffir mu‘ «Farr: :i-‘rlrcfmr Huff srqrpprigcyclic mm':Ircr::1I:c:.o]
-I u-iminul air Nu‘ irlasrrrtrral sourrr clmriltirrs. '21.
ilrrrulniirng uyd-11': ismod In km: norlr posiliarrs uu'fl1r’u {lie ,_ _ .
ulirrdnu-. run! the irprlaliirg pmcrss I": .¢lrr-run lo lmrr cmrsmni

' numm'::'rl kosi. Dllrcrwmlimiu-trplrirl_s Hi: irndtaffs ltrm-em
curupr.-s,:iar|'_rinu-,.u.-ptursfnri limp. rim: sigiucirrrc slat, mud
llllrfllnll of cnrnprcsslorl ndairvm. Tlrt i'irl'fclL*.1'ri:lmfi:5 I
grrtpl:-rlirurrctlc armlgsls of HM turnip.-c,m'rm in-'m1ii_u irmirrrri
by mrr cnrim-urrfsélrcliori paiiryiu :mIr_:-arisou will: an
cuufrunlf policy. nurl it |‘u:lnrlrs‘nu;:|‘n'l'rI1l gfmtips uf un-

- fl{'l'f'ilF.fFlfillf{ :1,‘ Iwrffliii irrlmrit-r compressors from rlirli'I‘rr-1i|m.'.

I 1. INTRODUCTION
Camprassioir ls lho-codlngaldoln lo minimize ils roprI:-
sunlution. in iliis nriitlo. we aim cpncotned u.i,|‘lr|'as1.
one-pass. nclnplivoflnvuriibleloi‘ leafless] moillods of
digital €ni'l1pl'o58_lu|1 wlrlch have 'rp.1sonnl:la mornary _
roqnlrcmonls. Shah’ maihada can bu uaod. for example.

.19 rocluch Ihe sloraigo requirement: for tiles. to increase
ilm cosnmuninaiiori rum ever a Cl1.:‘l1'iI'ldl.OP to reduce
uulondancy prlarlo ancrypilen for snmur socurlly.

By 'a:lu11'.i\'"' live moon that a compression llII1_ll'Inl.l
should hu widely nppllcnhlo in dillutnnt kinds nfsourm
I.IuI:i_-. lrlnnll-y. il slloulri nglapl mpiclly 16 Ilia source In
nnhiuvu siguliiconl coinprnaslon 0:} small Files. and II
5l1aultl,mln;1l In any n1|hiuq1mnI_lri'lor|1nI clmngox in llm
Iinlurn nllho an-,m:o. In. nI.|i.li|l'on. ll sltould ncliluvu vary
lilglu crsmproscsiorv naym1iluil'r.nIIy an largo roginns with
slulixaniuryilnlislilnr. _ ,

All lllu tulrlirrusrinli Illull_IiJl.ll tlnwulngicni l|i.1lIll._|'lfll(‘.lI!
um .<rriIsn'mH:m:I!. Tymcally. ll Sllllllilllllllflllnl r.uI'I1pri1ssur
llllilillillili by ruplnizlng lu_run'_ls|nI:lnL ol lmtl wilh ealiorlor
r::l'urunt:un iu Imrlllrl‘ n::t:u1'rum:u:s nfitlnlilicnl Inxi la. 5.
21!. 1!-I-..:Ifl. .1iJ. -H-dill. flfllis ix ul'l:::I't:II|lm| Zlvl-l.:1rI|1acl
l.‘irtI1|I!'I.“.‘FfilInl. iii rulnuiriillnli iii Iliulr iiltillflllrllifl lilmni.

‘ f.iv nml |.ump::|. lu lm:l.-'p'rImmu:1! 'i\\'n Iillllllllllil: ‘l'Jm
um|unlil'im| um: nfjlnn jlllflliiil "Z|u'-£.uu1|I1il i.ilIIll{1I'tlE-
slun" mm.-rlly m|'|m: Iii llu:ir.amr:uml pnagmmll I'll-IIl In Ililei _.:.-._....._....-......_..,.-.4
I i'IlI|I MIN IIIIIHUlgflllll-lll.lrll.II»l'|II 5| Ell!-

 {,‘.nmummi.- |-umufrlii-41.CM'

arliclu. wé will bu ptimatily cunccrnnrl wilh llicir-first
propusiil [62].] A popular al_ti:rnn1i\‘c In .1 Sl.|l.|SlllLIl.l0llfll
compressor is n alzlllsilcal _mrnprus§ar. A synabolu-isc
statistical narnprassiar luncliari: by acctuwlcly prowling-
lug I?m'pmbabl|il3r_ nl'lm'llv|dunI'5yn1holn. nn(l'llI§_iI'I 031- ‘-
coding llruso-symbols wltlupnco clo:u'Io‘-log: of ihu
pzedlclcd probabilities. The oncodinyi: adcomplishcd
"I-vilh cllher Huffman compression [U] which lr.'l!i rc- V
cenily been made onn-pas: and adaptive [11. 22. 37].

_ or with an-ilhmatit: coding. as duscllhctl in [I. 1-1, 20. 25.
20. 31-33}, The molar challenge of a slnilsiicol cam-
prus_sor is in predlcl |lIO symbol probabiiillus. Simple
slralogies. such-as lumping nro-order [single syniboil or
first-order [symbol pair] slnlislirs-olllio input, do zml
comprsh English tail vary wall‘ Sworn] nuilmrs hnvo
had snccns: nnihnring hlglier-order 5lllSl.it'.fi. Ijul this

-necessarily invulvoa highor memory Onsis nnrl midi-
lionnl.ma:l1nnis'ms for dealing wiill siiuullons wlmrn
l1ig'rus'r-order siaiislics are nul iwailablo (6. T. 2G|.

ll is hard in givo a rigorous foundtrlion lo lho substi-
tu_lionn| vs.'s1nI'islI<:ni dlaiinclion duscsibnil nbqvn. Sav-
aral aullum l1i\"U ubsurvad Ihal statistical methods can
ho usad lo simulalu inxI'Liul_sul1siiiut|on. suggesting Ilaai‘
lha slalislical caicgary includes the subslllmiuiml "mm-
gory [-1. 21]. i-iuwuvcr. illla l=|k_ua no uccouni ul I|_n.- sim-
plictiy olmochanianlt lliu uittuu ollcxmnl suluuilullnn
is Iha: il rucognizos and romovos cnlacrunco on n largu
scale. oflcnllmci -ignoring lilo Inmallnr scnin slallsiim. M
A result. musl-Iuxlunl suhstiluiiun cmuprcrisurs [irri-
cuss illI?|I'cIJ_I11prc$.1c(l l'l:|)l‘l}Fnm£|IllJ|'| in Inruor lilncls.-I
lllfli‘. Iholr slnlisilcnl COlJ'['|l|.il'$J[irl.t 1.lInrt:liy gnlilllig ll alg-
nillcnrll npucd rulvcrnlngu. ll win: 1Jw\'i:m::ly llHlilI|'li:l
Ilmi Ilm spqptl gninull lay Icxlmul Nllllrilllilllllll Wlllllll
nccnssnrily c'm_i.'sun1I:l|1_lII|.\ in l:I:|Il'I|I azsiml. i'I.(:l_tl\'m-.cl.
Wu warn surprlsrul In cllstruvnr lI|:|| will) r:nn:lul illIJII'l-
1lIll1 ||‘l mlllflfl. lllxlufll .*=I|lJS|ll‘.11inI1 i.‘I||1\3r_r\:.~4.-aura l‘.lilI
mulch IlI(I.l‘.i.'llll|ll'l1!<:i1'liI'I |iurl'urIIn;iIIm ul llm
uni rnallimls. _ _ -

{‘.oI1:sit|or “Ill lnl'luu‘|Ilp, -iI'.l|nI|w. \rI|i|:l1' \\'I'. \\'lll im-
pruvli lulor lu iliu uriinll {.rIu1pru>ae:u:l lilr:~'l‘.:II'.IiIl'11i\\':i
min}: of i:m|uu'ur¢l5i: '
liiuml I

 

 

 

jlusgi llm mm. 1' iillllfllllllilfri llln't'.1.l_\‘ lulu lin-
lllli‘-l!lIl|II'H$.'1l.'.1llsillirlll

'_nlr[Iy .1‘. --II; ;.:oluu.'lu lf!ll!i'll'i'-‘:1IIH'.'l i|| llm Iilllfllll iuul IJIlll_\'
. .\'i:lu|riu.In_rrs I'nm'unl in Ill:-. r;nr|'nul |.|1|l~llll|II.

.-.,._n'r ms-I l’i-lm-n' J.‘ A.-m-.r-.-:4
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, So. lor example. the [oltoyvlng pi}ca_ot’-ltteratu're*.3
_I'i‘ was" THE user or rtiica, , '_ . _ _ —- I-'r._ 1-iris. art‘: uonsr or rmcs

would cgmpresste' ' __ . .7

lliterat2t3]I1' was THE ease or 'r_rn:'s,
[copy ‘t'|r-26ltfliler_:|l filwqilcapy !1_-27} F
The compression achteveddcpends on tho spruce re-

quired tor the copy and lttes‘al'coHewords.lDur simplest
schorne, hsireaftar denoted M. uses 8 title fora literal
codeword ant.i'1E- for s copy.'codevror_d.iitl1a first -1 bits

_ are 0. then the codeword is 'a literal: the next It bits
encode a length .r in the range it-...1_.o] and the fellow.
in; 1 characters are literal [one byte per character}.
Otherwise. the codeword }§J_:I_5aFy:_ll'|fl_"_r:il" Bits"
encode a length z in the l'i"l’t1.IfiI;'{2 ...1a] and the next
12 bits are a displacement ygtn the range {'t'. .-tu96]._At
eaeh slcp. lh pattcy int which the compressor chooses
between a literal and a copy is as'lt_:Ilows:.tf-the com-
pressor is idle [lust lintshettlia copy, or terminated a
literal because at’ the ‘ta.-character llrI1it],tlii:n the long-
eat" copy of length 2 or more is issued: otherwise, if the
longest copy is less than along. a»]itarel is started. Once
started, a literal is extended across subsequent charse.
ters until a cop! ollength 3- or more cen be issued or
until the length limit is reached. -

M would break the first ltterel-ln‘tl1e shove example
into two Itgersls and compress the source from 3t bytes
down to 38. M is close In Ziv and L_empe|'a first textual
substitution proposalllilill One difference II that A1
uses c separate literal codeword. while Zia-and Lfltnpol

_ combine each copy codeword with I single lltoral char-
acter. We have found it useful to have longer literals
during the stertup transient: after the startup,.it is bet-
ter to have no literals consuming rpm In the copy
oodaworda. . 5’

Our empirical studies showed that. lot source code
and English Ieirt. the lioldaise‘ choices ior M are good;
reducing the size of the literal !erI:Ih_l'leld by} bit
increases compression sitgltliy but g_tv_a_a up the ‘cyto-
alignmant property of ti1e'J_l1 oodowords. in short. it
on desires aairnpla method bued_ttrt'on the copy and
literal idea. A‘! is a good choice.

M was designed {or G-|:l_t_por_-character"1e:rt_or pro-
gram sources. but. as we will sue shorIly',:it achieves
good compression on other liinds olsourco. data. such as
compiled cod und Images. where the word model does
not match‘ the source data particularly well. or tahora
no rneclci of tho source is easily perceived. M is. in
that. an excellent approach ‘to genera! purpose rlntn

'1.-otnprasainn. in the t't.I_I:t‘li'tlnt§ot'_ nltliis article. we will
.-tlutly M nntlsovnrnl trtnre [tut-vnrlttl trnrirrliorta.

2. CIVHRVII-IW OF Till". lMTJ\_S'i"l§UCTll'irtl'I
_ 'l'htI fixnui wimlrstv suffix truer ol't1r|a Itrtlcln istt |rtat|tli-

_l‘.ttllttlI Ill Mt:Crt|igl1i'5 rtt1lflJt'it"uoI'£tI|lstsrt ltltifllul. It-l.
.'ttI||. wit |r:|1 in iiaulftt |11or|il'i_t:nt|ru'Itrlt-lrirrtariutt l’A_rtt_:-
t:I.-t trim |!!lJ}. Etllll Mtrrrl.-tI:I1'I' l.l“JlI lI_ ultltmrltily tinnttrl ftt1_
ti‘|‘rlI: tltlltl ttlruuturu |lt,'J. ]ttI'Hlt Iitil [. Wit will ruvlllw
ltlllill Ill tltusitrrlttltt .-tlrtttzlllrun l_Irltiflyi

Arm‘: t!ttttJ t-tuirmrr .13 Nrrmlrt-rt

 

. . ‘

tlrrcarrh Conn-iaulienh

A Trte is a tree structure where the branching occurs
according to "digits" of the keys. rather than according

' to comparisons ol the iteya. in English. for example. the
most natural “digits” are Individual lettors..wiIl1 tltalltlr

" level of the tree branching according to the tilt latter of _
thewords lrrthetree. _

in Fltture_t. many internal node: are suporlluoua.
having only one descendant. it’ we are beitdit-lg an
index for e lilo. we cm save space by eliminating the
superfluous nodes and putting pointers to the lite irito
the nodes rather than Including characters in the ‘data
structure. in Figure 2, the characters in parentheses are
not actually represented in the data structure, but they
cangbo recovered from the (position. level] Dtllrs in tho’ ' -
nodes; Figure 3 also shows a suit}; pointer [as a dark
right arrow} that will be explained later. ‘ , _ '

Figure 2 represent: some. ‘but not elh of the tnnova-'
- tlolts ln Morrison“; Pnrntcta trees. He builds tho trees

with binary "digits" rather than full characters. and this
. ' allows him to save more space by folding the leaves _

, into the internal nodes. Our "dt|;iIa"ar bytes. so the
" branching factor can be as lugs as 256. Stuca'lhura are

' rarely 25o'deacandants'oi a node.-we do notseservo
that rhuch space in each node. but instead hesh the
arcs. There is also squastlott about when the strings In
parentheses are checked in the searching process. In J. I
what follows. we usually cheat: charectera immediately
when we cross an arc. Morrison‘: act-terns can avoid file
access by skipping the characters on the arcs. and doing .
only one file access and corrtparison at the end at the-_
search. However. our files will be in main memory. so
this consideration is unimportant. We will use the slm- .
plilled tree depicted in Figure 2. .

For M. we wtsltto tied the longest [up to to chem.-
ter] match to the current string beginning anywhere in

, the preceding -1096 positions. llall preceding -1098
string; were stored in a PA-rrttcln tree with depth _
rl - 13. then finding this match would be straiglition

- ward. Linforlu nstaly. the cost oiistaerltng these strings
can be prohibitive. for If we hevejust descended at
levels In the tree to insert the strtngstertirtg ol position

__i then we will descend at lltast rt - 1 ievets inserting thestring at f + 1. in lhaworsi case this can load to Olnrl]

Srrwr 5tt'tItJE

.t\S'lI1i\‘( lt5ifllDE . 
Ftounct. A'_lt1o

- ' C1IttItttItItlt’uIlr'mI:\rt] tln- .ilL'M it'll '
...._.-..—.-u.—.-.—.-—...._..—-..--..-- . —.. .
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insertion time tel: a file oiatze ti. Since Inter cncodlngs
-will use much‘ larger values iertf than 16. it is impor-
tttnl to alimtnst at from titeturtntitg time.

To insert the strings 't_n Gin]: iirrlo. Mccrcialtt added
nddiItnn.1|suI'ii_x pE_ttnter.-t to the tree. I’-tacit internal
mic’ .I'|1prI:58t1lIl't5 t_hesIt'-lug-ex an the path [rent the
rent to the-internal 'aatla,|has a-tteintar to the node
representing X, thestrlntzebtatnetl lay stripping a single
icttcr front the huginnlrggafait. ltit-string starting at t‘
has iust been inser_t_'erl st level-it W.» do nnt"n-eed to
return to the root‘ to insert tha_siring'at i + 1: instead.

_a nearby suiiix painter wilI‘laa,t| us to the relevant '
brartalr of the treeig, '

|'-'igu_re 3"si'tows huts’ sufiirt_l_1nl<q are croateil and used,
' On the ftrevious iio‘l'aiI_or1.'\-ti_a h.'r\Iia'm'aidhed the siting ;

aXY. where this it=sl_-'t'.ig',Its-'t_:it:tra:lt:1!l_'.3{ artcl-‘Fara strings. _
and his the first u'rirsiat'r:l1'od cha's§?tcter trlIer‘Y. Figure 3

-shows a complicaltid use where it I‘|l!\\l internal node. .II. has been arldeti to Iha-trod. and tho sulfix linié Disr-
must he t:t:-mpttta_'d.§Wa Ias_a_tt thtrnettt string itrtt by -
going up the tree to none ,6. rcaresc'nitrig t|te'stri_ng ail.
and crossing its sefiix unit‘ to 7. ‘representing it. Oncewe have crossed the suffix linit. |.lt'|‘i tiascertd again in
the tree. iirst by "rtscannirrg' the‘ string Y. and than by
'scanning" from lunttl the-new string is inserted. The
lirst part is called "rescartntn3" bécausait covers a por-
tion at tho string that was caverofl by the previous
insert. and so It does not require checkingtha internal
strings on the ares. tin tact. avoiding these checks is
assanlial to tho ilrtoar limo Ittnclioning oftha algo-

, rillirn.J- The rosoart either ends at an existing node a. or
a is created to insert the new string iti’ir: either way we
have the destination los_1l'Io sul'I'i_x.|lrtlt oi rs. We have
restored the invariant that evm-tr_tniernsi'nada. except
possibly the u_rtI!il.i-.1l_C1'£!t1it:d_.'-l1iiS'ii I1.t'll.'ix link. _ '

For tho'.i\1 compressor. with a"409I3ihyIa fixed win-
dnw. we need is wit)!-to dolnla arid I'nr:.|t:Ili'n the storage
for potttens oi tho=st.tilix tree ratiresonting strings fur-
ther iraeit than -t_Ii§ti In tlte-file. Satrt-,r.ai'Iltinga must he
added to tha suiflit tree data strtuzlure. The ictiiio! oi‘

_ the tree are piacaa in ttcircutar _l:ut'ier. so that the
t'|iti(:ll_lOfllCllti lsa.,it|anttl”tasl li‘I{]:|:flI2lflii!1lit'.i.8fldli'Ifl
internal rtedus erti gl\ra_|1"‘sett cufont" fields. when an

I

 
FIGURE 5!. A Pttrnicta Tm with a Suliir. Pelntat‘

r“:t-muttuir'utt'tm.-t 4-I |ir|'.AL'M

 
Ftauns 3.‘ Building a S-ulfis rm -

internal "sen count‘ iails'la ono.'thc.noda is deleted
and two consecutive ttrcs arr: tsornbihad. In Section 3. it
is shewn that this approach wiil nut.-er leave a "dam -
gllns” _suil'tx'linit pointing to delctad.nodcs. Unfortu-
nately. this ls not the only problem in maintaining a
valid suifix tree. The modifications that avoided iro-

tu rst to the rent Ear r.~at'.h_n_aw insrtion ornate it.-tttec ferdeletions. Since we have not always rnturuad In the
root. we may have consistently entered ll lzranalt oi the
tree sideways. The pointers [in string": in ilifl 4096-byte
window} in the higher levels uisuch a branch can bo-
eorna out-at-data‘. i-Iawover. traversing the i1_I'iti'iCli and
upda_Itn'g the pointers would destroy any advantage
gated by using the suffix links. _

"We can keep valid painters anr.|.atroici oxianaiva up-
dating by partially updating according to tr pefcointina
update. Earth Internal node has at single "up:iate" bit. it
the update bit is true when wetare updating a nude, -‘
then we rel thehtt i‘else"and prottagnte'tite uttdnte ra-
ctrrsivoly to the node‘: unrent. Dlhnrwlse. we set the l.liI.
true and stop the propagation. itt.tIte worst case. a long -
string at true updates can causo the update to propagatein Ilia mat. HOWIWUI. whim nnrerilzrtd uvcr all How
leaves. the cost or untintittg is cert.-ttnnt. and the niiuct oi’
updating Is to keep all internal pointers on trots-:Ito_n:t

. _wt’Ii1lnIItelast40!ll'1 rrosilicitts ut the lt1a.'I‘Itus'ut’nI:Is
ttrttl be sltewrt in Section :t.

We tan new sumtnaritra the apttrntimt til" the iittrar
icon. using Figure 1 ngnin. llwu ltrtuu ittsi nrotttntl Iilltili
rt. than we use tr‘: ;tttrttttt'tt trttlfiat link in iititl 1. ‘r-‘rein 7
we move titrttlrl in the tree. first rttsnttttttitttt. Iliili than
rtcnttttlng. M lltttutttl nftltti ttttrltt. wit pttrt:nltt'.rt II|ti.111-
rlnltt irattt llm lmrl. trmtiitrti, |ti\\"it9li llu! m-til. -Ktlllllig |lIII
ttottltlrrn rlDi(|.ltll|lIiii In tho tturrettt |IlIr«'i|.it.i1l. ttml stttttntt
Ilia lI|ttlI1lt.Ilrlt.1 lttltm. tttiill |\'t.I lint! ll ltlll.lI'i wiilt Iii]
tttttltttu hit that is lilft!ittl_V lilltttl, tvlturt-.tt;ttttt i\'lI titii. that
tm-t|tt'.t Ittttittla lt_tt Irttu illili aitttr tint lumzulutintt. i-'ttutligr.
urn Ho Its iltct I:irt:tt|tIl' lttliittr ul iltII\'lIil ttnti fljtltltill tltu
l.'lilit!il.l ltlttl with tlut nuts’ ltltri. ll Ihtt nltltasl lsttIl'i€ |_I|Il'|‘|ii

‘lttlstrttiy lliitl lltlliltillllifl tutti. tlttttt li llilltll. tilt-"tr l|l! t|u-

Aptri |.>~'il'!t 't'trittrtrt- .t.' Ntnrtl-rri
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' lutodt irtihis case. Iha'rert-teiriing‘ lOI'l‘_is attached to its

grandparent. and the deleted node‘; position is perco-
iated upwerdas befartnoniy attract-t stop the position
being peronloted and the position already In the flndl! '
must be compared and the mora.r'econI oillttteo sent
upwprd in the tree. . '

5!. THEORETICAL CQNSIDERATLONS
The correctness and linéerltyofsuffix trcecanstructlon
follows iioai McCreighI'e.ot'lalnoi paper [zit]. ifléra we
will r.on_cern ourselves "with the oorrectnese_'ond the _
linearity oisuifix tree dostruction—t1Ltstions raised inSection 2. '

Tnsoasst 1. 'be|sIl[tg lmaes in Fit-'lJ,articr atI:l't'leiett':tgjrttcrrtai ttprlrs taitlr sittgic:sa_tts will ttrirtr-lraar rtanglirig
slim: poitrlrrs. ' '

Pttoor. Assume the contrary. We have anode er
with B suffix pointer tni node 6 thttt has ]usI l:_6crn'
dcleted. Tltc existence afar means that tltattt are at
least two st rings that agree for i positions and than
differ at I + 1. Assuming that thesatwo llrirtgs start at
positions s‘ end ,i. where Isotlftl and jtewwtlhin the
window of recently seennad sttirtnsand are not equal
to the current position. than these are-aretwo even ‘
younger strings l_i i-t-‘I enalj 4-'1 th'st'cl!_|’fes first at l.
Tliiscontradtcts the assumption that -i'hee-one son. [if
either I' or fan: equal to the current position, then at is
is new node. and can temporarily be without a suffix-
pointer.)

There are two issue related to lltl percolating update:
its-cost and ttseiiectlvettoss. ' '

Tneunou 2._ Earl: pcrcaletrti u_pii'ale has constant amor-Imad cast. . ' '

f-‘poor. We assurrra‘ that the data structure oontains
a "credit?' on ot1t:h._inIet'na| ttodt: Wltara'Ihn "IJDtlttla"
H113 is true. A new tool can be nddtfti with two "r.nsdit$."
One is spent Immediately to update tltsparant. and the
other Is corrtl:-inttd with any credits.-rontaintng at the

‘ [tfirutlllfl-Ctlliiofi1].Ul)lflll‘I'0l1(I-Cftjdll to leave at the
1'ItIi‘cl'tlltl1-dtll_rl'i1.irttIlt:l.ll1t'l algorithm or 21 ahtstn two
cmtlila In iinply‘tIto nlppritltm recursively at the parent.
'l"his glttas an amortized cost at‘ it-ad updates for ouch
new leaf. -

"for" the next theorem. tJoi|na.tl_'to Fspnn" ofn suffix tron
.to lmorttlttl in this also aI'Its fistetl wintlow. 50 fits we

hnvit ttsoti ltII1'i_]lihI with -"span" 0l'|lInl to'_tiElDfl. hill thewtltttt ltt lloxihln. . '

'i'ttt:uttrt».t ii. usitig tiw ;It'n'uiittit-lg ttptirrtr. t’llEl'_lt"lilll’f-
tr-ill fit‘ i'JflriJl'i't'i'l rt.‘ l't'rt_si mire Ilrirftrg (wry pt'rr‘rIrl‘ of

it'll.‘-ll: ".IpmI."
 

Ptutm-. It is tisnittl to prove Iltttslitrittly tilrlllittttif ra-
itllll. Iiml (ivory intnsttnl lil_IlltI_l'.lIIll rtttmtins fur tlll entire -
[lttrltlil] will tut lI|itlItltIll itvllttlilttfltifltl [|IlI'lllll.l'lI1Ili tints
prtitmgulit Ill lntl.-tl mitt Ilitltltllll‘ in lit!" pttritttl. 'l'l:I tllillltf I1
t2[lIlIfI|(iltIlllII]. Wil iltttl-ilttt tttttllmtl ]HlI'll|il.l]l1tl tint tttttlu

n_...tl ilttill v..t't.mt- .1": Nitmnr.-_ 4

t3 farthest from tho root that does not propagate an
. update to its paront.-ti 15 has at least two children l.l‘It'Il
. have remained for the ontiro period. llmfl 3 must have

receiu'cd'updetos_ from lltoao nudes": they eri:t_‘iarlhor'_ -
.- from the root". ltfi has only one remaining child. tlurrt

it most have a new child. and soil will sliti gut '
two_I.Ipda'les. iltvery newly created or: causes it sort _
to update a parent. percolating it necessary] Simlltly.
twenaw children ‘also cause two updates. By "ovary
accounting. 8 will receive two upliltta! during tho

- period. and thus propagate an update-contradicting.
otsr assumption otl3's failure to update its parent.

There is some f|:iii:i|_ity on how updating is handled.
We could propagate the current position upw_nt'd.lsaiore'
rsscenning. end then write the current position-into
those nodes passed during the restart and scan: in this
case. the prooiof Theorem :I is conservative. Alterna-
tively. s similar. symmetric proof can be used to show

. that -Ltpdatlng can be omitted whim new arcs are eddod
Ito long as we propagate an update ttflt.tl.atI_ery arc is
deleted. The t_'.hotce'is ptlrnttrtly a matter of implemen-
tetion convenience. although tho method used above Is
slightly faster. I

The last major theoretical consideration is the effec-
tivertese of the A1 policy in choosing between literal
and copy oodewords. We have chosen the. following "
one-pass policy for M: When the encoder is Idle. issite
e copy tilt is posslit-in lO_DOP}‘ lWtl or more ehtmtctois:

-' otherwise. Blnrt e lilrtrel. lithe encoder hes provinusly
Iterled e literal. il1fll' tormlnata the literal and Issue a
copy only It the copy is or length three or gteator.'_

Notice that this policy can sometimes go astray. For
exatnpis. suppo.-s that the compressor is idle at position
land has the following copy lengths available at subse-
ount positions: .

ti+t t'+2 r+'_:t r'+-t i+5
'1 3' to _ts H 13 _

Under the policy. the compressor encodes position i
with l literal codeword. than takes the copy of length 3.
and finally latter is copy oliengllt 14 at position 1’ + 4. it
uses 6 hytesin the encoding:

lillat-tIl1]X[ct:tpy II "- y)[t:u]ty 1-I _- yr]

ll"|l'It'.\ compressor had foresight it cnuiti twoitl this
‘copy of length 3. comprnsaing the same tnnturial into
5 bytes: ' '

[iitcrel 2]KDt[t:tt|iy itl — it]

The optimal solution cttit Ito cutttpttiatl lty tlynttmitz
programming [Ito]. Cltta furwtml :t-tttlil t'ltl‘.t:Il'tlli litlt ltllifllli
of the longnsl ponsilile no|ty_nt lIi'lt:li position [ant in ttI[l.III-
ilon'1J nntl tlttl tlt'i.|tltscIttnuIIi fur ilttI_ t'.II|ty lttttl lIlit.t\\'Il ht
Ul'|t.tl'l|lDn ii. A _.1or:0IIt.l lmckwiml |tt1:ttt t::tmptttt»t llltl
ntllltttttlwtttt llJll|!l.1l}l1l'lill|lflJt¢!ill'tflllIli lllu lrtltlt ItIIt'.li'
position it)‘ racorttmtt the trust uuttnwurtt-tit ttsn nmt Iitu
length In illuolttl-til-illtt. l"l-Ilttlly. ttttuiltul‘ l'ttrt\'ttrt|_|ttt:o:
roads oil’ the uultttlmt llllll outputs titu tmtttprussuti liiu.
i-luw'twnr. ttI1t1 ttfttttltl strtthttllly |Ilitt'lIl' wttttl III ttrttl tige-

t'_‘.iuIriIIIrtiwiiiI:l.| oi‘ ilrr At-all
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narnic pregrsmml'ngé,slnce tI1e'une:pe5s her'1r'istir. is n tot r
- foster, nnd we oslimnlotl {or stl\'.ti?fl_l_ly|1icIll liles Ilia! '
the lseuristieally r.ori1pressed_o1.rmut was only nbaut -
1 percent Inrger than the optimum. Furthermore. we
will show in It-re_ro'rI1eintler or lllll sncllort lhnl the sizo

. eiilrn compressed his is never worse than ‘A the size of.’
the optimal solution-for ii_1'e':per:|fic.s‘.\1 encoding.

' This will require doreiupins some annlytlr: tools. so the
non-niulhemaiieel r'rr'utItIt' should letil; iron to skip Io 'Section 4. " '

Tire luliowingdollnltions ere ‘uselu|:-

Definition. Ftil l3lillfltllIgt'llfll1Sll?.lt;¢‘tI;I_trflljlflsllloll i_in the lite.

' Sample F[r']'s werrrgtvennlreve In oritlnliolr i.T11oy are '
dependent on the eneurling used.-,l-‘or new. ‘are as» -
sumirigtltol they r_Ir_o1trI1lIotl ln'rI‘i_’egni[urlo_tt:r 1_. tlfltl
must correspond locnpy snurcos l\l'lll'Illil .'ihl: Inst 4096
characters. - - ' ‘

Definition. l3[i‘ls llrr! size of tire irnrr may go carrrprcsa ‘
i.|'rr: rrrirnilrdrr rr_[ ttrrjfllr. stnrtirrg t1_i_‘p_esit'i’t‘i_Ir i.
B(il‘s would in: t:it:i1'l:itlttIt'l Intha reverse pass of the-optimnl nlgnrillrm outlined above". ‘

The following Tilonrorns are given without proof:

Trreuttru. Fr." ‘+1: a: +1-'}— 1. '

Trtoonsu. Time exists nu uprirmil salrrtiorr rrairrrc rrrpm
rm liIrig:'5f prrssihie [i.t',. rirrly copies torraspnrrdirrg to Hi)‘:rm‘ usrrl]. -

Trrenlt EM. ' Girl is f_ll'tllln‘.lllilJt' n't'rrr'n:r'r:_v.

'|'rrrrpIr rm. mry sui:aI'r'uri‘r'nrr be iIJtJtfI',lt't.‘i‘l..'ttIlll'i'tilIl' offer!-
irrg tr-rrgilr. srr rlrat (literal xrlfflllarugri irirrrtcriirrrcly ily
[literal :u_-) irrrplfcs llrni X; is rrrnxirrrrrrrr [r'Jt;_ilrI'.s ms: IE1.

We r:nu,|t'I cniilinun Io sensor: irirlhis vein. but tlrnrti in
en nhslract way of limiting rrt,tho.-prolrlarn that is both
cle.-rrur t1n_(l more normal. .‘iuppoie'1Itu lrrrve a non-
tleiurrriiltlsllc firriiu eulcrttlllon where uacir transition is
given it cost. A_:ttmjr|o,nxnn1[:lo ls.slrown in Figure 1.
Tire Irritclriue n::_rr.qi|s{n 1-.lr)'-. wltlr teststksslruwn in
1)nrr:nl|trr:x‘t:.|t. ' - ' - ..

"l'lIu lultrl mitt u|'rIl:I.'tI|JliIItr ll string l.-I the sum oi Ilro

 
FJGUHE -i. A Honttoltrrminirtie itulernntan with ‘irsnritiae com

r'..mr-rrrnnrrtrrarrt of rl.rr"rtL'l\t

ilransliinncosls for eeehciraroetur. [Wiriieil is not
important to our [!t‘0lJlItm._lll: oplirnnl solution r:rrn_be
cumpulod by forming a transition innlrlx for each |u|.

' ier. using the costs shown in pnrnnthososfi and then
multiplying the matrices for n given string. irerriing tho
coefficients as elements oi the glose:I.scmr'rirrg with up-

" eretions oi addition end minimization.) We can obtain a"
solution thatappruirirnates tho minimufrr Hy deleting
transitions In the original maclrine until it lreoomes tr '
deterministic m'uchr'1~.a. This corresponds to choosing I1
policy in our original date compression rtmblern. A pol-
icy for the machine in Figure 4 is shown in l"igy_t_'rt 5.

Wu now wish to cm‘i1p:li'Ei. in the worst case. the dil-
iuronee between optimally accepting a string with [He
nendeterministlc rnuehino. and d-:terrnr’nisI'r'r:aIIy tuc-
cepiing the some string with tho “policy-"_muchino. This
is done by taking e cross product at the two nrarclrines.
arrshnwn in [-'lgur_n IS.

in Figure 6 thorn are new I\'-ft) weigtrts on _enI:lI_irensi_—
_ lien; the llrsl is tho cost in the non-riulertnirristie graph.

and the second is the war in the policy grnolt. .i\sym|1--
totlcnlljr. the relationship olilre o|rtt'nr.-r! solution totho
pulley solution is rlorninrttetl by the srnalleit relic on n
cyclo in this graph. In tho ease of Figure t'r..t|It_rro is s
cyeio item 1.1’ Io1.2’ nnd lzrtcit lltfll has c.ost~ln the
narmiorarmtnlsiie graph of 2 + _t - :i. and cost in the
policy gmplr oi’ 3 + Cl - l'l. giving it mile of ‘/2. That is,

 
FIGURE 5. A-Deterministic "Policy" automaton tor figure i

llll! pnllcy rtulllliuli will In: lI\‘Ir‘.u tlrl lnul its llur tI|IIllI'IlIil'I
on the ittllll];till-1llr'.ifIr!I|:Il|. . . .

in trnnuml. wnr'.nIt lintl Ilur t:_\‘r'.i|r u-ltlr llrrr Ettltillltiztl
rntln tItI1r:lrrrIIl<‘.;ii_iy. ttrtlrlsrttrril krum-It |ltt‘.lll-Ilnllltti pt,
27]. TIIU llllill In In t:titiiet:lnr'n n mlln rand than rrrrlrrm
Ilrn |Itllrtl ulwrrllrlris Ix. _trIl urn Iiru amt Iu xinrrlrr \\-rriplrls
.\‘--rjp. Ulltlur lllls l't.'|l'lIlill(tIl. .'r I :ltI with 3'.Iil'I! |\'t'.lt:ltl.
liilrt rtrlio r1xtn:l|_v r. liar t'._\'t‘.lt! ltittt ii l\'u lrtllfilil. llrun r
In the iltrpn. 'l'|rI1 i'li1llIt1li llttl mar, Iillt I.-4 Ilittttl mt it
IIHW i:l:iIlliIt:li.lt'lI.lll1ll il1n|rrrIr- rs lterrrtrerl. ll\|nn::rti\'u
t.'y't:ltItI urn lllilllliltlll l1_\i riitlnirtp. ti slturl I pull: rr||:u-
rllltm ttlll.l.‘I:lIIii.:ltllIl.{ int’ l.‘iIt't|'lIrj1|r|| ‘} U|]|;|I \\'|I lr.-1“:
fimrttl Ihu litllllllllllii rrrllu r.'yt:lu. war t:IIIr nrmlv ll \\uir.-ii

  

   
  

-\t:ii:4tIti1I'lI1;tlIi lltll ll|'l|LlliIll lttillliillllil |:rtr|:lr-rrt lr_\- lirtrllm:  
rt'11IIlII frutn lhrr ellllrt .' riltu \’l.lnrrr_rri tin-rr l't-1ii'|tl'
lti|l Ilitl t.‘_lr't.‘ltt lIitltIll1illitl_\‘.- 'l'l1tr rrlllri til l.l'i|I I'.t|:€l:t trl rtr:<
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nouns _s. rlu Gran Pro-Inch

ccipzing the string r1on.rJoIu‘rminliIloo|Iy‘nri'rl:dotorrr1in-
'lstic-1lI.y will oonuorgo Io-the rntlo of the cycle. {Tho .
poll: tnkan in the cross p'rU'duo1 graph will Itoilnncossnr-.
ily bring us In the Sl'll'|'I_fl cycle. duo In ll'I|!.I|'llllfll. path
fragment; we will. nuvorlhclosl. do at least n: woli.)
Conversely. if we have n _st_i|’I'lciontly long stI'i_l'lg with
non-dolorminlstir: to rioiurntinlsilc ratio If than the _
string will eventually |oop'in the onus product graph. if
we remove loops with rat'io_groIItur than 1- wt: only |rn-

'provo tho l'il.IICi of tho Ilrinu. no we mu:1'oi;on!u||ly find
it loop with ratio at Inn}! Ill a'lI‘lnll.o,| r.

Tho nbovn discussion alum us_nn t;igorIlhri1h: way of
onztlyzirig our original data nonrprauion problem. Tho
possihlo vi-Lion; oi Fli) nrn oncodnd In I17 chnractor
iil[Il1nlJuIJr“,..i':u..r0|'JIc§I:nilngIl1tIlilrlgill oicopy
ntraliablo nl rich position. .'1”|1o':ci_mriro::ion_Lolgorlti:m
is rlnsnrilrorl by a" nonrrlotisrmlttintlp muchino ilml -ac-'
:_:cpIs .|ll'Ingl-DlP;1_ll'li5 rnn¢hInn has cost: pquai to tho
lungihs of tin’: cusluwrmls _l§E£ld by tho iligD'rllI1l'i1.‘Tl'ln2\‘.I
nrn It-ru |n:ir'nI1inIurImLl 5%! In Il1i.1'.|1"tttr.|1lnn: i, nrannl
llml thcru i.-.- n Iiiornl cmlnword uhdnr onnntr_ui:tton'wlIh
1 irrliiczcuuilill mmilnbln; rrionuoilrnl n onpy is In proa-
ruzis with y ::lmrnt:I.nrn I't_iI1'iI1iI1ll'l|§1l:I copy. ‘1'I_m |tlI_n min
in in -I c...‘E|I Ihn Iinn-tlrilnrminlllli-. mm-.h|no. tho |'Il'l3.Il-
lain lrimsiiinms um:

“I” ' Marl n lllllfill
in -f- In .
i. '4-'i.., umllilrttti n lllurul [.1 z 1] _mun ll]i -- F.-I :IlI1I’l [I ulipyl|.lill r '
r. —~ r... nmrimuu it'r:n|ay

mu Ilillllflillt in n.-«ml on ll wllcl I:l1_r|l in Ilmlniu ml)? HlII'.{I.1
_ llilririll IIII lliu ll|t:uJ'i1iI|.1'!|liII\rt1 Wu l|llUII‘lllft|l'llly' Illllfllc

llllllillilliiltuIlllllilllllillilIIHllI'li1Illr)'Wl'l|IIfllllII\Vii.l:l.lf
nnuliiiplu.

r, "-'-'3-'l'.1 .~.turI n Illurul [rum |linIiliIi1i::-pyty 2 it 1:!)
In1inum:nmmry.'l'|mllnlurmliilillilrriuu:lilnu.fl|VIrrI

' rigml I'M‘! Vulimir J1 NiiilIiit::_r ql

Rik!!!’-'ll‘f-nJilfI'l'lltl_l'|'-llll

l;:clow.a'1irninalo: many rnoro tranuilions:

i. ".—"3-' r,,-_ start a literal Iii 5 1
i. E‘! r.-. continua a literal it"; 2 I aim 1”: 2
i.5l-3-1:... ainrtricopy ifia Zion auuncir‘-2'i'.lUI .
c_. 4-. 5,... continue a copy

Finally. "vi--; add one more rnauhino lo guarantee that
lho airing.-'r'.il‘pr alfio realistic. In this mnr:l1inu.sln1ua.'
moan: that the pro_vlou':r.l1:rrIciur I\rn.1p.-.K'i0llIlliI1l||'!IK
of tho 'no-xi -nharnulpr I'l'|l.l5l ho at lonst p,.,:

.1. —“o' :, [;‘-zi--1] ' {hf

Thu cross product of lhosc tlrroa rrrainhluos has :ip..l‘
pri:Ix|rniIlol)'17K stalhnand was nnnlyxod ntochnnicnlly
to provo a minimum ratio cyclo of ‘A. Thus llit! policy
we hnvo chosen ls_novor off by more lliam 2.’: pcrcnnl.

A and the worst case is ruolizctl on n string Ilia: rouonls ll
33: piillorri its follows:

1 '1 3 I I G 7

Pin ‘Pin P1: 1'': 3''! Po Jr’: _ _. In
' I

3 out 1i_ :2 in :4 35
Pa P: PI PI P3 Jhru flu: {in '

I (Then: is nothing spqclnl nhout ‘in: II' wns clioscrf Iniiluslrniu I long copy nod to n1al:'.l1 lhu rnrrrnurlu tn
Jtppcndlx A.] The dctormirilalir: rllsorlilirn trlkos 21- copy
of langlh 1'0 In Iho lirsl 11usilloI1.rmrJ llton swttclum to n
lilo:-nl for positions at and 12. Five hytos 'nr'n u.rcrl la
ouch ropolilion of tho pnllorn. Thu D|'i|ll'lNll solution in
am: polltlon oulol phaso. it Ia has in copy of longlir in in
the wound million. and than finds in nupy oi lullatli 2 ill
position 12. for a tolnl of [our bytes on nnch liorrtlion.

' We him: nhslruzlod lhu prublorn so that Ills: 1:0.-rsihlo
copy operation: urn doacrllaod by rl string nf in. and we -
have shown It pathological putlorn ol'p,Il1ntrc.m|tsiu1 _ '
'/4 of thoopllniul onnoiling. Thorn might aliii l.Jl1 irnnlo
rloulal lhtil such II string oxisls. irlncr. tho CGl'|(llll(_II'Itl1nI
our third rn_rIr:l1|nn {5} gunrnnlrgiu. Fir‘ + ii 2.Flr'] - I. is
n nccossary but no1su|Tlcionl miulllluit. N(llllIfllIIIlI1S!._

_t|1u detail: of nn ncttlnl hulhnlnginnl string rxm lm iuunil
Inftppundlx A. ‘

-I. A SIMPLE}! DATIA STRUCTUIUI
Although [he qtinnllly o|'r:ntlo iimmiuiurl with Al is iilli
onnrnroul. it In compllculntl, mul Illtl (lull: ||lf|llZIIlI'l1Jil|I'lI
Inlrljr largo. In tllluontlon. um |Il'tI!lIIlII aalruplur mullitulsr
for llndlngtlio sum: and for prupugrililm t|:n wlmlnw
pnalliun. -

TIMI nllornnllva In n llliftilllllllilfl. lI|IIltI|l.i in In itprlnm
lhn pnnltlnna in rill I1n:l:m!>m:‘: in tho rnnl w|i:1nu_vnr ll
nnw Innllii-Iruiorlurl. 'l'l1un_I|n uprlulu.-r mu Iitltllllitl w_|mn
Iiutlnl. Iii tlnltllull. Thu |ljPIlIllI'fll1fl..‘I:nII Im nlliulnniiatl. '

Thu nllnrnnlluo to mill: pulhlnni is umru I:nmpl|-
t:_il|t'itl. The coat of niuvunumi in :1 Iran In llill t'mlI‘urui:
I‘l|l1\'lllfl El-I'::i|Il'It l'uI|IIlrIIiI it ltaetll lhl-illr luuittip. Wlllllll Isl
more Iiximllilltm Iliim hnllluvlugh jmrmtt |lllllll1Il’. fin Wil
t:rI11rlnlITr1lIlI'ItI llm :rl_1lI'l!I lw iIlIIrliIIi_| Ill lltu ntllllrl. [mil
flilll. fillllI|Vlllfl‘|!fliiIIIl |I:IIItlIrtiI lInI:_E lIl|l'll.fll l'l|IFI'iIII| IlIt- ._.

\
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Rrlterrh Clllllflllllllllllilll
\

' Ill mi. snliix ne-r_|e is renchadi Tliq suffix Icnile klnewn
_ Iiucn_u_sa lI1e string at lr\_1nlrhe_tit|1i._siring aI_son1o Mr. 5.

|ier'u-'inr|o_w pesilierl j:'Ili_n s_ul'i‘lx?|e-.1i;‘+'i is the nuiti .
'er1Iry‘mIhuIeeinrrny.Wtilx_I|1iit:l1tn13e.llIfl.!-limit
priintnra nail be qliininnted.

“l"i'('lIn .1 |lme1-elimil ]'}l'.‘l‘$1.)1:lCIl.\|'ll.‘. Ihuse rnedificnlions.
Wliifllt-li.llVfl 0[u,r?l] worst rme pnrinrmenee for it file nl
size rr nnri cu:-all ¢le'11lh,n‘.‘nr_:§ inferior lo Ihe Om] per-
lnrmiimtre of the .1u_I|'fii1 lree.- For -1113. with 11 culeiioi 16.
Ilirtsfl.rl1i:llllii'-4'iIlt1I'|I.i|1‘l|'|riIi\v'CI nvnrngn performance. but
the A2 mcitlrul rliamuaaetl in the next section liesmch e
Ilnup ::uI-eil't!n1t mifix fiolnlcrs end-pcreelelcd updeies

' nrc preferable. Z.— _r' .

5. A M0111-‘. r-oisrranrut r.Nce'n1ne_
The -1.l'llI('Ivli}Hl1 window or A1 is _'reu'ghly epiimafier
Eixmi size copy and lilernl co-dew'__erds. Longer copies
\\'f:Il.llil.0l'llil:'ttrt'|3|}iblil£O|-l|1l‘l In a-Jnrgrf window. but a
'lrL'rgrirrIisplnl'.i'.ii1:un'i field would {in required to encode
tlinrn. Tn expiell e_ iiilg0f't't|1ltlinW". we rhust use a '
vnrinlnin-witllh ent_1eti|ng'Ilellu1£c_nll3r sensitive to the
I’.-u:1 llrnl recent w1I1duw.pe.1|lio:I5 era rr'u_n-a likely to be
Ilnml lay enpy ceciewerda than ih_ese neiitlerla fu rlher
lmnk. Stmllnrly. il,is ndventngceua to use variable-
widlli nncezlings for copy nerl. liI'erel lengths.

‘ ‘l'i1nrr era seirurnl nppreeclms we might use fa: veri-
nlile-lnnfillt men-(ling. We eeuia use fixed or adaptive
lleilrnam rm-r|in|;.3nriIhrI1et1r: etim-din'g. n variable-length
nrmucllnn n!' the Integers. er a rnnnngenble selol|1anel-
rlnsi:.;nml cminwnrth. We eliminated !rern cnnaldereiifln
.-ulnmiun I-Iullrnrirg nnd nrlilunelic ceding lzeeeuaa they
err: slnw. Moreover. we feli'Ii1b'y would previcle [at bear}
in amxmrlnry mluplive eclvenlngn sinceliin “lI'nn| end"
lmlltrill suiusliluliun in'|tselierlenIingje [lie irlpul. We
Irx|Iei'lmr:I1lrnJ wlili 11 fixed Hullinen eneetltng. e lihnd< ‘
Ilniniuiierl inmily nirmlewqrrla. nhrl n verlelile-length
uncntilng ni Illt'I inlnnnra, in we-_wl|l compare these
(i|!iit1I1IlIIil!n}‘I ‘ 3 ' I -

Ilnnci-Designer! Qfideirnrrla. Thin Ir e_direr.I nenernllgn.
‘ Hun til’ A1'..will) :i|_iI:Irt ntlplm |_|1e_1 use lower but but
unnuui nulilraai! life l'uIl_w|ndew.-encl longer eeplei llml

_I‘,:|IIl'nl1Ilrt:ru| Iiirmsrlilnnkr l|Ill.l|lI'_l‘hnfik In Ilse window.
Will: :1 -Friw I'.n(|mil'i)rsI's. iliis in lflll nml relatively‘ enly In
irrililisiritllii. l|i1l\il1l|ilIf. srhrna r‘:i'il'I'i lllusl bl! lnken I11 llin
rliuirm lIl'£:fl(|i‘.|\‘Vl'II’I:lfl In nrnxiinllie nnmprenelnn.

vflflllillfl-lilI1|fllh Inlhgllrir. ’l"l1'ri rrlruplrurl rnntlinrl we _
trtml uami ll tuinry r:ridn In ngmcliy linlsl wir|li1. iellnwetl
ll)’ Ilirl llnlll ltarilI'.CrIriy|nnuIl1 nnrIrii:I|rlnr:e::1ent lleldl
urn I'.n11iII| |iu|np«_II1tIunIly vie Ihia lnr'.l1n|r1Ire. no nlly ner-
rralnllunn um lpuusrml.-'i'|'mrume mum elnlnnrnln :::1:l|n|1,1
nltllu lllllwlril pi;u:1i-nu |i||. §;r1i.urj1.’Ij}.1lnnl lnwelaunn
Iirnul liy [1fi}. nnrl |.'I-1| Iii llmlr lrniflnmnminllniu nl'
l.nIu|:n'l-WW Ifllilliifltlulllll. '|'l1nnu Iuilnulllmr. have nine
muytupintlu: |lI‘lJ|t(If"I!tl liar wiryinrue-|ril:Iunrn.lI111 llin
unmy nmiu lit lll-mi‘ lur nnr plIr|Inr4:ni iilllIlll.l1I:\v\lIi'i\illiJI‘ll}
all-nrlly. It rum lln Iunml minlly. It": lllll nlnllntlm nlllm
lI|l|Jll|:II|luIIII- 'I'li:'|,uuury'i:m|u inn: Ilmntln||lI:mnln:lveI1-

‘ JM Cllrrflllfllllfllfltllri ii; Illr ACMI '

tege alenimnle Imrclwerc implnmnninlidn. We will
return to the unury node in mm detail slfnrrly,

fixed liuiimen. ideally. e fixrrri lli1il'mnn encoder
.sl_1euId he app] led in source consisting oi the eepy
length llrldldisplflcement concaleneintl iegellwr lit! 019-
iure Ihe eerreletlen of these two fields). l=I_ewe\‘cr. since
we wish Ie expend window size to 11138-1 rinrl maxi-
mum cepy length te EIJIJU, the_ree|i1|es.ofg=Il|1er1ng
slatisllcl and cunslrucliuu an implementation dictate
thel we restrict the lneul oi the tilted i-lul'lrr-nn cere-

-preasot Ie e size-much smaller than 2000 X 1,fl-‘iii-i by
rreupieg legelhor eorles with nearly equal cop? ‘lengths
Ind displacements. To improve speed we use tn|.1|es'le
encode and decedee byte at a tlrne. Nevertheless.-the
fixed Heifrzien eppronch 15 the most complex and slew-
eal of the three Options compared" ‘here.

Te" decide how much eompressiun could be increased ,'
with :1 Fixed Huilrunn epproech. we experimented will-.
uuverei groupings of nearly equal Copy lengths-and dis?
placements. using it finer granularity for smell values.
so that the Input Ie the Fixed Huiimnn eomprnswr had
only abuui.:ll3.Cl0D sleiel. end we computed the entropy

' le give a theoretical bound on the rtornnrssien. 'lfl1e
emellesl entropy we elitnined wax eiily 4 percent mere
compact then the nelnel compression‘. nchieverl with the
lmrlry encoding described below; ‘and Itfiy reel imple-
rneruatien would do worse than an enirnpy bound.
Consequently. because: t_||_e Fixed Hu|TrnnI'I nnpreecli
did nel fl€l1ll!VD significantly higher compression. we
[ever the simpler unnry'l‘.nr|e. llieunli this in no! en
euerwhelmingly clear nhelce. '

Define 1: (start, step. stop] unnry code e|' the integers
as fellewa: The nth éntiewerrl hn.-r u once: lnlln\_-ml Iiy n
zere follewml by It field olsize alnrl -I-1| - .-clnpxlf the
lield size is equal 1e step then the prenntllng were can"
be erniIled..T|1o Inlcsers are inld mil sequentially

' tlirellgh |l1lI.’il'.iI‘-lIl'llt)\1|'lJrl.ls. For u:in|uri|u.'(:I. 2. Ei5_u_mul:l—
Ieelr like: _ I '

Cmlewnrr! Ran}-,1:
lI.r.r.t_ ii-1''llI.\'.\':'x:r I!-:l!l
11iIx.i'.r.rx:rr -10-1117
1 1 1 in-x.rx.t.r.i:r um. I1? 51

i'\|1|MiI1t||x ii mlilulnu n ainiplu pr:n...(|nm1imtgmmr-
'nln|urn1ry noilrni. _

The M Inxluel iinlisljlelllm ninllnui c!I'II:nl|Ir.\1 i:np3.-
Iengllt with a (2. 1. ‘I111-uuclu. lrrntlllifl lull nunriiuuni
cnpy iflltfilli ti! 21:44. A l‘.¢!|Iy lrilifllll uI' mnrtiaignnlx u
Illernl. fur Wlllilll lilnrni llllinllt in lime nlllamlutl will: in
[t1. 1. 5} cede. Illnilliip, in II iunxluluru lilurul lumprl I1 ofln
byleu. If ::t:|:_y length In Iu=n-‘mu. Lin"-is l‘.{i|:3' lllflilillllliv
ninnl II l'|l[l'.(ill1.1li lil'".l't n [ML 2, H] cmlil. 'i'||'u ux|n'.l
rn'nH|iu'.I1|inn1:y nnrl lllnnil length: ii1.'iii‘.lli'IliI.I|'l tn iwuirl.
Wlllltlll llIIl11fl_ In ilm Inuiry |:m||rIr.1.-l|II1'lh': II|I'|IUIilI1||||1
new Inimlli nl"1II-I-I In !ItlFI'l::luIItl.'ur1lm kimlai ui ilmn
Illttilltlil in l-lurgtluli ll. 'l'||:i At |uril.l(:y llirtiltitililillil lm.

'~ltvmi|1'I:(I1Iy end iilurul ituiluwurlln In Iunnl.

/iii!" Il~'Jl!? l’ui|i_rrii‘ ‘I1 Nnmiri-ri
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' A2 tmrr very lrtel expansion with a srrtell storage re.

 

 
Three refinements ore used to increase

compression by approxtrnatolar -‘Lto 3 percent. First.
since neither another literal nor ecopy. oilenglh 2 can
immediately tellow alltorel oilosa than ninnimurn llt- _
crnl length. in this stiuaillfrl. we slllil copy length codes
down by 11:1 other words. lrtihe[1.‘i.1u]cDdeiOl'

' copy length. 0 usually maet1alt'loral.1mesns copy
length 2. etc: but after a literal oi lnsuhsn maximum
literal lon5ii1._0 means copy length 3. 1 means oopy
longllrfi. olc, ' ' ' : _

Secondly. we phase-in the copydisplacomonl encod-
‘ ing [or small flies. uslrtga (‘lo -1. 2.14 -lrlcode.

whore-ir starts at to and descends to o as the nurnher oi‘
window positions grow‘-'vs:_ior etIn_mple. x -110 allows" - '
2! + 2‘ + 2‘ _- 21 values to he oo_dgd_, ,9 when the
number of window positions exceeds 21.‘ '3 is-reduced to
9:_and so iorth. - ' ' i I" '

‘Finally. to eliminate wasted states in the copy dis-
placement encoding. the largest field in tile [10 - .r.
2.14 — x| progression is shr ‘not. -it tsljust largo
onouplr Io ltoltl all values that must be ruprosnntod: that
is. lit: voluoa-rnrnsln to he lncoded in the largest Held
than smaller values srdeneodod with tloggoi hits and
larger values with iiogrvl lllts rather lharl‘1-1' - x bits.
This trial; Increases cornlpresaton during elsrlup. and. ii’
the window size is chosen smaller than the number of
values in the displacement progresriondl continues to_ _
be useful lhoroeiler.-For example. thscornpression .
studies-in section It use on 3'12 window nice of 15.384
characters, so the no.2. HI code would waste 5.120 .
atoms in the 11-bit iiold I-trlthoutthls lriclt. .

Forculoting update aeomI‘pt‘ol'erolsis for the imple-
rnontatien of A2 because of the large maximum copy
length: with updete-Io-loot. pathological input could '
slow‘ the conrprossor by a ioc1or"ot' 29. Unfortunately.
the |'.il'it't:0litt|I'lg- updotodoes not guarantee that the sol-
iix tree will report the nearest position for a match. so
|ongar'co<|eworrle than necessary may sometimes he
Unntl. Tlils problem is_rtot'sni|oes because the tree is
often shallow. and nodosr|oar.ihn_:o0t uiustiy have
many sorts. so upclnloa propagate ranch more "rapidly"
than assumed In the n't‘tnl:|lela of Section 3; On typical
iltaa. onmprnrnton urtth perooltltod update is 0.4 percent
less than with update-to-root. - ‘

0

ii. A FASTER COMPRESSOR

nuIr.aInr:nI. lrul. even though onrnprolslon hulconalant
rrntortitcnrl time. It in 5 Iintaesiewer than expansion. M
nntl A2 are most nmtrorrrleto-in nfrpllcnllorrl wllaro
ctnnprrmrlnn tl[I(rt'IIl'i!- nni.nrtt'Iral and where the per-
inrmnnr.n oi llrn mtpnttrlor_ noetii to be optimized. such
on tho Inns: rnlunarr ni rtnilwrrro rm floppy tllrrlu. How-
-Imrr. -In il{I|Illtiitlllll'lFi I_lII!li‘ nlrlllo nrcltlvlng. fnrler
t:t1t1lt1-l'tIMlttII l.1.ltltIillIIti. I-‘ur Iltls-rennun.-we lrnvn devel-
upurl Ilm ill nnri ll! rtmiltntlrl tltrriorlhrltl ltn're. which use .
llm rnrnm rIitt:tl|litt|i:lI Iltl M nnrl A2." rnnrtnnltunly. |.1'ut

't:nIn|n|lt1 wlntlnw illrllllitlirlillillil tlitinrrrntiy. Copy‘ totin-
wurtlntlrtr rmrlrlnlnri in-rlirlrl tit lllrl lrnptlnttlnn oitltoylh
prntrlrnur lttniiiwlllrltII'litlII'Il'il:llllPi'|litllfi'lll'liIll1il:_|l1I!j|'

April 1?!!! VtJlrrr'ruj .11 N_r|rrrl'r_l'-I

itrmrrll ‘cru-mihnrioua

can no longer address every earlier character. but only
those where literal characters occurred or copy code-
welds started-, we ruler to displacements computed-this
wny_ as "compressed cllsplacernenls" throughout. Copy
length is still measured in characters. like M. |1y.in-
reriing this level oi’ indirection do ring window access.
compression speed typically triples. though expansion
and the rate of adaptation are somewhat stower.

_ With "cornpre§od displacements." suiilx pointers
and updite propagation are unnecessary and a simpler
PATRICIA tree can he used for the dictionary. Entries are
rnndo in the has only Dri mdowurd boundaries. and H
this can be done in linear lirnfe by stalling oi the root
on each iteration. It is useful Io creole an nrrny of per-
manent nodes for all characters at depth 1. Since copy
codeword: oilonglh 1 are never issued. it doesn't mai-

" ter that some permanent nodes don't our-respond to any
window character. Each iteration llnflru by indexing ‘
Into this nodoarray with the next character. Tl-ton hash
table looltupa and are character comptIrisons_aro ;t1aod "
to descend dapper. as in M. The new window position
is written Into nodes passed on the way down. so on-
date propagation is unnecessary. _

In short, the complications necessary to aqliiavo .cort- -.
slant average time per souroe character with A2 are - '
ellrntnstod. However. one new com;-rllcation is intro-
duced..in the worst case. the 16.331 window positions
at 82 could require millions-eichdrociers. so we impose '
1 limit at’ :2 x 13.384 characters: ii the full wi_nt'iow
excoeda this limit. leaves for the oldest winrlbw- posi-

_ Ilene are purged l'rorn the true.
Because oi slower adaptation. Bl usually contproao: '

Jlightty less than A: on small iilas. But. on text and '
program lv0Lt1'Cl-fll!I.'ll surpasses AZ by I3 to percent
asymptotically; the crossover from lower compression .
to higher occurs after about 7.t'.|.tiU0 characters‘! A; :odI:- ‘.words find all the near-term context. while It: ls-re- ‘
stricter] to start on previous codeword boundaries but
can consequently roach iurihor back In the file. This
glen; I31-an advantage on ilieswith a natural wortl
structure. such as text. and a disadvantage on lites
whore nearby context is especially important. such as
scanned images.

We also tried troriollonl where the tree is uprlnloil
more frequently titan on every codeword laonnrlnry nnrl
literal character. All variations tip to anti tltclurilng .12
_cart tie implemented within the general framework of
this method, lflpoed is not on issue. For oxnmpiu. we
found that about 1 percent higher comprarslon can he
achieved by inserting another oomprerrnorl pnuttlon ho-
lwaon the two characters roprosottlotl-by rltlL'll innnl it it
copy codeword and another 0.5 percent by also luxuri-
lrtfi oornpresrarl polllions oilor oncit l:lIl‘ll'i'it:lt'Ii' rn|_:ru--
looted or length It copy cetloworrls. iiownvnr. lmI'.nr_t.-In

I llloltl changes slow compression ttntl nxpttttslotl Wu
lInvon'l uloll Ilium. .

7'. IMI-'ll._0\"lNG THE COMPRESSION ltI'i.‘!'lU
In Section it we r.on.a|tlornr.| ways in npnurl _trp_r:ntnpru:e-
llort oi the out oillnwor ntlpplntlutt illtll uxprrnnlr1_n. lit

CI1ltIiIimlit‘rIllt?l|.1 ni lint AC_il|
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 Emmi: cl-llllflll irlitlirs

'|-ninaamani along tlto are tram ilranada to its canal is

 

. \-

Ihis suction wo W-lll'dlplD1'lE'l.l'II! alhar direction: ira-
. proving lira contpttosaion rallio-with a slight cost to the

run ning time al [lid Il£i_0Plllitl'l.- .
iiilton a string occurs froquonlly in ii filo. all tho

rnotitoris we havoconsidorod ‘so far wsto space in their
ohcoding; tvhg'n"_ih§ry nro ortcodini. tho repealing string.
they ara_capai:_la_ ohaaoiiytnaaha copy dispiooamoni to'_ -
rnnliiplo pratrioua oacurrancos oiitho string, yet only
one string mods to ho copied. -Bylconirast. tho data
slrucluraa wa l'Ia_\l'0'lllod_ do not waste space. Tho ra-
peaiing strings short! a-common-tialh noar tho tool. If
we base lhc copy oodaworfidlrocily on this data struc-
turo of tho dictionary; we can improve tho compression
ratio significantly. {This brings us closer to tha sconcl
styic of Ziv and i..'olmpol.'3 laxlualtsubstlluilon work [19,
29. -iii]. whore a" dictionary is malniainocl lost ‘both the :
con1|It'i:ssnr and oaipundcr. Howolror, since we still use ‘a
window and an aiipllclt copy lanaih coding. it is natural
to viuw Iltlsas a-n1ocl:'l'ltaIion.olour oarlior cornpraa- -

-sors. in Ihosiyla of Ziu and Lat'npol‘a lirsi loxiuala1.tl:-
siilttiiort \\'I}rlt.] l . . _

The C2 rnatl_1od. um tha sarno l'4'\1'lIl_!l.ii trcorlala
siructqras na Bria store its dictionary. Thus it takes
two ttiocos olinformalion to spocily award in tho dic-

—ilonary: n norlo. and o location-along tho arc bolwaan
tho aorta and its parent [sinco F.I'rTil.lICIi\ troa arcs may _
t:'orrn_a_pot:ri‘1o-ailing! with more than one characiorli -
Wu will tlisilrisuirli two cases far a copy: iftho are It at
it luaiai Ihn tro . than wa will use a Lrnfcapy coda-
kvultl, while in "u art: in intarnal to the true we will am
a Nriiit-Cum: coclowrmi. Essentially. those strings appear-
ing two or moro tlrnoa in tho-window org oodad with
Narir'Cu,-firs." attoicllntg tho rodutldoncy of A2 or B3 In
Ihctto cttscs. '_ _ - _ ,l_

Tim C: anuoclina bagins, with a slngioprofix bit that-
is D for n Notirfitlpgr. 1 for s lkofclipy or _l.t'irriIl.

Po: Nnrfccopy ooditworda, tha |'1'ro|'l is is Followed by a
node nttrnbar in.|t] :-_. i|r}IxNatfr'No1. whoro ntaxiilorirlila is
tha iargosi noda tturdlhor usocl si'rIco lmliiolixatlon: for
most lilo: tastad..r_rrnx'Nud¢'No Is about 50 porccnl tho
nun-tltor ailcatros. Foilmwinu the nodo_rturrtbar. a dip

c_ncodurl; Io: most _Narl‘¢.-Copy catiawards the incoming
arc is oliatiath 1.50 no |'ori§il_I_l?old islaquirod. Ila
longllt fluid is roqtgirorl. D tlanalo: in match exactly at
tho naula. I ll tliIp1ocornani'1 tlawn iha arc lrorrt tha
pnronl narla. etc. Rarely in tho langth fluid longer than
mm or two bits bncausq Ilto are loasilts am usually
stmrt. so all -posttilslo disnincomanln can ha anurnaraiad
with only a low laits. For both tlta naria number and l|'iII
lanamlng nrc tllspiucantoni. this trick dalcrlliod In Sac.-
littn ii in ttaatl to ttllmlnaio waslorl slain! In tho liald:

'llml lit, iI'r-wrinnn‘tn1'1nt1:o oi“.l2DIlt1tl.. than tho Iitlilllot
vnlttmt nrtruncn-:lut| with ttatt-rat bit: and larger value:
with ll't3_|t;u'I lilll. .

irirfcriyrirr oru _au_tlot| with tmnry prttgrnariana Ilka
lllttrtn nl'.t'll or I12.-A ll. 1. ill! prottraulari it ttaad lo
rqtnnify |l'iil tliittrtttittt oilltn |nnp,tt:it !'I'IIIIt:ll clown Ilto lcrif
ttrt: frnltt Iitt |IlIHlIl.l Itiitln. with it lllllinllnfl it Illarnl: this

Cnnntmttirniimir of l.'it'..dClvl _ ' . \

prcgrosslon loads to 3 maximum copy Ianati: o|"-1l'|!l4
byias. Since anoihor liiaral ncvor occurs in-u_-riadinI_cly .
after is lllcral afloss than maximum litornl length. the
Lcnftopy arc dislonca "progression is sltiftarl down by 1
when tho procudlng cadaward was a" literal |i.o.-. nrc
displacamoni i is coded as CI. 2 as 1. etc}. On across
suction at‘ man from the data sols discnssad lzttor. dis-
lanca clown iha laaf arc was highly sisowod. with about
hall the arc displucmcnls occurring ono character
dawn tho loal‘ arc Bacauso al this pmbobiliiy soiita at 1
and thflrapld drop all’ at larger distances. the average
length liald is small. Following tho length iioid-no
window position is coded by gradually phasing in _

‘ a [1 ii. 2. 14) tinary‘ i"’°3lossion exactly like 132's.
Llturals are coded by first coding a l..rra_(Cupgr are dis-

placomént cult! and than usinga [il._ 1. 5] unary pragma-
sion {or that literal lortgth oxactly like 111 . '

Unllko A2 tsndhz. lhc-oxpander for C2 must main- -.
llln a dictionary troa-oxoctly like the compressor‘: trap
to permit dacoding. Notice that thistle not as artarous as
it rnightsoem. During compression. the algorithm must
search tho troa downward [loot toward Ioavosl to Find
lha lonaori match. and this raquiraa a hash labia access
It rash rtcida. By uttnlrasl. tho expander is told wl_tii:'n
node was matched. and can recover the iangrii and .
window position of the match from tho undo. Na" harsh
tabla is raqutrad. but the encoding is rosiriciatl: a copy
codeword must always roprostsnt tho lonsust rnalch

' iaundin tho lroo. in particular. the superior heuristic
uaad by B: to choose bolwnort l..i_lons| and Dopy coda-
worda must be discarded: lrlsiaad. when tho longest
match is of longil-i 1‘ or 1-nara. a cart! oodowcrd must I
always be-|1'roduc.od. With this roairloitort. Iho ctrpondcr
can-toconstruct the tract durihg rlacotiing simply by

" hanging each now loaf frarrl lho node or are lndicotcd v
by tho Nodrcnry or Lmlcopy codeword. or in tho case of|iiozals.'by hanging Iha lonflrom lho parmanont Lloptlt
‘i l'li:iilil for uachiiiarnl characlar. 'I .

‘a. EMPIRICAL STUDIES _
' in lhll aaallan, Wis oarnpara tho liva com1:rosaLon—ntoIi1-

ads wo hava doualopod with other ono-pass. ndnplivp’
methods. For most nlhor'n'io|lwdti. him do not irzttvo wall-.
lurtad ll11plDl'I1iil_llilllIZm3 and report only camprn.-t:tl_a1t
ftlllllll. I-‘or ltoplontanlatiatta wo ltutru wood for oil":-
cloncy. spaad is also aatlrnalorl [lot our :3 Mil‘. ‘iii-iril
word Ilzn, B |-nugrrbylo ururkstnliotis]. ’l'hn nxontttiun
tlnuia used to rlatarrnino tilititttl iticitirio |_lttI iiiltu lo
Opfl.I'l.' Tnatl. and wrilo files on ll'llJ ll'H2lIl tllstlt [\\‘llll::lt llrlst
I l'Oll‘lllVDl}‘ slaw. rttaxinurtn trmatior rata nl!‘1Itit!gttltit.|t
par socoriill‘. tlto 5|IlItIll ls Ci.'lilI]|tIl.i.l(l l1_\- distilling llm u L1-

cn:omproasot| lilattiza by tltn uxm1ttilrnt lllllil for it Irirnulfl. :

We install filo typos important in tmr \\'tIrltltl}t nut-i-‘
rotlmorll. Eanlt ittltttltrrr l_I'i 'l‘tiltln 1 hi lhn tilllit nfiltri
comprossoti Filo slzait {ur till filus lit l.liIt nrnttga tliritlted
by the rum ni Ilia nrlttlillil iiiu ai:n.ai._t'.IunI.< t~:i :=l1n\\'
ll-ill lll:|'lUl1lll:_illl'.y n|' r.uttt|ImtItIlnit_ntI lllu ttlttn lur till tillltn I

April [3183 '.‘tIlt|ritt-.l.‘ Nlttrtllrrl ' '
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clmt 1. Corryrutvlun II. Fig Slit, Dill SIt5C_

' - compression metlrod: tested on the worm me.‘ {SC} Idata Sol. :

SC Source Codo. All B-lril Ascll-oourcn l'||o: from
'wllicl1ll1c boot filo l'oror.Ir prggrar-nmlngenoimnmont
is_ built. Files lnc1udo.sprno_Er_l_gll:h etimmonls. and a
dortrolyi-cnrlcd colloctlon ol’ l'orl'npt1ln§'lnfo[n'Iutton at
Iho oml of onch filo reduces oomprouibllll)'."Tho filo:
Il'Inm$Dl\_l_l15 pro written tntlho ('.odur.lnnuoago. mas
fllns. rwurngo nl_:n It Kleytnl. lolnl Illll 13.4 Myhtu}

TM Tncllnlcol Mornorerldn. Ml filo: from n_£l]rI:r:1or)|'
whorl: camrryloriélqncolIo:lIn|I:nl'mIrl1orenda Ind
rnjmrle nra lllod. nxcluding-il1n_II r:u|'I.'tiIlrl{rI.gln'_Io3'lIl.

. Tlmsu Hlol nro B-hlt AsI:_!i'ln:t’w|lltdnnloljr-coded for-
nlnltlrrg lrlformntlun-at llln and {Ilka-the source; code].

" (1.1-t fllus. nvarngo sl.-.0 2: _K|Iym. Inln_| Ilsa 2.0 Mbytue]
-NS Now: Scrotum Qlnn |'llo for onch .wnIk_:‘.lo)t til" 9
wrmlt [mm n Inrllnr wlro enrvlcn; thou: mo: nrn E-1:-ll '
ft.-rrrll with no rflllllltlllnfl l|'l|'n'lrnntI_on-." Ull|'l§.lllK1UI|l.
filllJ.'I|lIl1llllll-llllllllllllfi. Ihouo lllD.l'|.DI oontnruss as woll as
llru Irrrzlmlrnl lrrnmornmln at‘ tho provlous ultnty group.

' trvun llltltlflll may turn Inurrlt lurgor ll|'1lJ.ll_'IflUlll be In!
'lI11tIIIl‘.lI1Il lay nlnrlup Irnnlslunl: lnrlpnlatlnn suggest: that
Ilm lllrprul. vumllurlllry and oxtnnnlvo ‘unto nl' propur '
llllillu,-| mlgltl lm ruaprn|ntl:lo'l'ur Ilsla. {ll lllus. nuorago
nlleu dfill Kluytlre. tulnl ulxn 2.3 ll-{la}-lnnl - '

rlrrrlllwlfl P'ulurm‘J1 .'ll'rln:_fIrl'_I-

r

Rrrrmlr Canrrilrutislns

CC Compiled Code. The compiled-code tiles produced
from the SC date set. Each flle contain: several differ-
ent regions: symbol names. pointers to the symbols.
slaterliunt boundaries and source: pusltions for the de-

' bugger. u-rd executable code. Bacausn each region is
ll'l'IBll and tho reglons, how! different churacleristlcs. .
these lllea uverely test an adaptive compressor. [_:.3;o
ftle:.'n\rernge also :3 Kbylea. tale! size 16.5 Mhytes]

BF Boot File. Tluhoot file for our progrernrning envi-
mnrnarrt. beslully I-can irnagu and memory map.
'-{_t file. size 5z5_l<bym] - _ .=;

S!‘ Spline Fonts... Spline-descrlbecl character fnnle used
to generate the bitmap: for character sets at a v'eri'nly_of
resolullum. l9i files. average size 39 Kbyls. lotnl slze
3.6 Mbylu]

RC1-‘ Run-coded Fouls. Htsh-_re_solutInn characterlcinti, where tho origlnal ‘bitmap; have been replaced
by I run-curled rejlresdrllulon. (aa_ flies. average alze -13' I

- Khylu. tolal elze 3.2 Mbylas] .

: SNI Synlhollc lrnlses. All 3 bit/pixel eyulhellc irnlrse
fllae from the directory 01 an Imaging researcher. The
44 lilel In the rod. lrulen, and blue color separations "
for-12 color lrnngea. 2 olwhlah also have an extra file to

£1 .
mnlm tll III at It lnlanuurnexannlauun an an

cm: llurnpmnlen vs. Fllu sue. on. set st:

Colrrnrrrlllreril-lll a] tilt ACH
WI
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Chart 3. CetItpruI.iet't rs. Ftte site, Data S2150

encode background transparency: in addition. there are
a ulitnr gray scale images. [Ii tiles. average size :23
Kbytcs. total size ‘H.-I Mlryt_es|-

SCI Scanned images. The red separation: for all B
bit/pixel scanned-in color images from the directory of
an irttagtng researcher. The low-order one or two bits of
each pixel are probably netie. reducing compressibility.
[12 tiles. everagelsito BB3 lthytea. total size 8.2 Mbylos]
ill flinary images. CCi"l"1' standard images used to
evaluate binary facsimile compression methods. Each
flit: consists of I Mil-byte header followed by a binary
scan of ‘I page [U23 pixels/scan line 34 2376 scan |tnes/

'-pogo}. some Images have black: oi’ some more than
some bytes long. Because there filer are mmpnaed of
1-hit rather than It-bit trams. lho general-pttrp-use com-
pressors do worse than they otherwise might. to tiles.
average l.i_2.tI 513 lthytal. total lhtu 4.! Mbylasl '

Tito special-purpose l'.'Ci'l'I' ‘ID and ID compression
mctltotlr reported in ['ttt| ttnhlava. respectively. an:
nrtd tttttts compression relies on time standard Images
when the extraneous and-of-lino code: required by the
irtcsltnilo ale ndarti are removed and when the oitlra- ‘
rteeus 118-ltyta header is removed. The special-purpose

'C(:t‘I"I' an result In algttlilcnntly more compact than any.general pttrpttle rnnlllori we tusled, and only CW and
[I1 illlflilttttlilll. lite 1|) roatlllt

Cetmttmtiratiettr of tits ACM

Measurements and Compression Methods

HO and H1. These are entropy calculations matll.‘ on h
per file basis according to: _ , '-—l -

Hrl - — 2 Pt: - r.]iag;Pl-I = (ii. - tni-u
Ir-I '

H. = —M§_]D Ft: * r.-t_-"ty =' ‘ti: -= r.-t M
- iea_;Ply I :.|: -= cl

where sis a random symbol of the source. :57 Isa
randomly citcsn pair of adiacent source characters:
and c. ranges over all possible symbols. Because ol'Ihe
smelt his size. the curves in Charts 1 left drop elite
the lett. In theory. this small sampling problem can be
corrected according to [2]. but we have found it diffi-
cult to estimate the total character sot size in order to
apply these corrections. Nevertheless, Chart t shows
that Ho is a good estimator for how well a metnoryluss
[zero-order] compressor can do when file size is a large
multiple of 256 bytes. and H: bounds the compression
{or a first-order Nlerirov method. [Nona oiour files were
large anough for H1 to he an accurate estimator.)

KG and V. Those adaptive methods maintain a Hail-
rnan tree based on the frequency ofchsractars seen
so far in I lilo. The compressor and expander have

' foufiit-1)‘ equal performance. Tito theory behind the
ECG approach appears In [t1]and |23}. The similar V
method. discussed in {It'll should get better compression
during the stsrtup transient. at the expense of being
about 18 percent siouror. It in also possible to bound the
perionnanca of ititter's scheme closely to that of a fixed
non-adaptive compressor. Except on the highly com-
prosslble CCl"i"i‘ images. these methods echleitro
compression slightly worse than III}. as expected. But -
because of bit quantization. the compression of the ',
CCITT Images is pear—ar‘tthrneth: coding would corri-
presa close to Hill even on these highly compressible
sources. ’ '

CW. _ Based on [:‘i}. this method gathers higher-eirrler
statistics than KG or 1! above [which we ran only on
Ierolh-order statistics}. The method that Cloary enrl
Wilton describe keeps statistics to some order a and
encodes each new character based on the context of the
a preceding cltarnctass. [We've used c I 3. Itoceusa any
higher order exhausts storage on rttoat oiottr cluttt snts.]
i_llil.U new character has never Itafare ettpenrart in the
same Conloxt. than an oscapo nmchanisttt Ia ll!-‘ltti in
back down to smaller contexts to ottcorle the t:itnt‘t1r:It'Ir
usin|, those statistics. [We've tlltlti tltolr uatcrtptr tttnr:lttt-
nistrt A with exclusion oi‘ counts [rem ltlgltor-nrrtur unn-
1e:ttr.] Because of high event prolmbliitie.-t in mitt:

' ltlaitar-ordered contexts i'lI1Li the posslitilliy of ntttitipin
escapes before a character is uncotiurl. thu_ irut:tlettul hit
lens at Huffman ottcotlltttt in it t:m1t'.ltrIt. an |tt| tltilttl nritii-
metlc 0n|'.D(ii.ll5. We have tlltnti the erttittuutlr: euttnriur

., in [-10]. ‘ -

.' tiijlrii l9l5 Vttltttrtr J? Nttrttlrtjr I
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.533 .450 .5-58 .259 .199 .T23
.61! .505 .6‘i"6 .349 .73’? .215
.5-I-?‘ .4 SB .903 .255 .714 .1 ‘IT
.527 ANS .578 .238 - £62 .l 05 ' 

As Table I shows, CW achietras excellent compres-
sion. Its chiel drawbacks am iiupece and time per-
lormence. its space raqittremenl can grow in proportion
to file size: for example. statistics for u -it on random
lnptttl co-.1 Id require it tree with 255‘ leaves. though
Eltglinit tnxt rnqttirns much less. The space (nml consa-
qttntttly iiutn| tuttlttnmttm ofciit’ dogrntlns tlran1.ali-
t::ttll_\‘ utt 'tttt\ru retttlnttt‘ tlellt will like SNI and SKIS. A
practical Implementation would have to limit storage
totttteitnw. t-‘.t~on on Ertglisitcitoii. Clem. ttnd Wittett
estimate that Mortal‘: tuned implementation of _CWis 3 times slower compression and 9 times stomr ex-
panding than C‘: [It].

MW1. This method. _dest:ribed'in [29],]: related iollse
socortd style ol'Larttpel-Zlv oorltpielsldni alluded to in
the Introduction. It uses a Trio data structure and 12-bit
codes. initially-[and always] the dictionary eorttaina 255
one-character strings. New material is ertooded by find-
ing the longest match in the dIt:llonary.ou1pUlilngthe -
associated code. and than ‘inserting a new dictionary
anlry that is the longest match plus one more charac.
tor. After the dictionary has filled. each-iterntiort ro-
olrttms an old codo front li'nDn|_dlcllOi'iil.iy loaves. lol-
Iowing a LRU discipline. and reuse: that code for the
new dictionary entry. The expander works the eame
way. MW1 is simple to implement and le balanced In
performance. with good speed both compressing and

7 Glttinlllllnfi [2:‘sCi.OOIJ blisfsoc and Gill Bits/soc raspot_:-
_.tivoiyJ. The orisinnl trtotltod used ‘.2-bit codes through-
out for simplicity and aiiiclancy. However. our Implo-
rttttnlrtilon stnrit Iry using 9-bit codewords. ll'ii:'t'alIlI.'lfi to
tit. 11. nnd finally to 12 bit: as the dictionary grows to
its mnxirnum size: this entrol up to 351 bytes in the

. oottigarcismt ille time. On test unit wurcecocto. Miller
i'Ii1ilWt'Iiir|Ii|i! determined that the 12-bit ootlnword Ilze
itt cittita to optimal for title rnttlltotl. '
MW2. One t|rrtw|:t1t:|t of MW1 is the slow roll! of
itttiltlnp of tllrttimtnry onlrlett. ii’. lor o:utrn[tiu,il1o word

ii;-Irti isitlfl Valrritll J2 Ntttittllsr I

ebcdefgiti appears lrequetttiy in u di)CItn'ie'i1l._Ill19ii_'t‘i5
willite in the dictionary alter the lirsi occurrence. air:
after the second. and so on. with the lull word present
only after B Iitctiurruncea {assuming no help from similar '
words in the document). M. below. for example. would'
be able to may the whole \\'Dfll sit-dt-ft,-in‘ alter the first
occurrence. but it port I peltalty for the quick mspunsn
ha“ l\a\'lrtg a length field in its mp,t' tmtlnwrtrti. Tim him
of MW! L1 to build dictionary entries faster by fliilllblnv
ins ttdiaottnl codewords oi the hI\\'1 Icltortte. Longer
words like Iltrdafglti are built up at an exponential _
rather than linear rats. "i'!'{§‘t:hiet' disadvantage oi MW2.

. is its increased complexity and slow execution. Our
implementation follows the description in [29] and uses
on upper limit of 4093 dictionary entries [or It-hit _
codewords]. We did not implement the 9-12 hit phaso- ,
in that was used in MW! no the size-dependent Charla
underestimate WW2‘: potential performance an small 'files.

l'.lW. Tltll is the Ctlrllpresslttlllliy found. in Ilto Berlin.
lay 1.3 Unix. which modifies I. method described in a
paper is}! Wolclt [39]; the authors ol this method are
3. Thomas. ]. Mcitle, 5. Davies. K. Tut-itowslti. I. Woods.
and I‘. Oroai. it builds its dictionary like Mt-tit, gradu-
ally‘ eattsattdittg the codeword size from 9 bits initially
up to -15 bits. The dictionary is lrozon sitar 55.535 eo-
irios, but it‘ the compression ratio drops stgniiicnntly.
the dictionary ll discarded and rplsulll from scratch. We
used this ootrtpreuor remotely art e lr"ax_-155. to it is
difficult to compare it: running time and implementa-
tion difficulties with the other methods we imple-1neniad.NatI'erihelttes.l:tacauaeIldoos rtol uaothn LRU'
collocildri of Undue. It should be lostur titon MW1. Haw-
awtr. it has a larger lotttl storage roqulrontont nntl guts
worse compression than Mwt on most data stats
tlttdtorl. _ ' .
BSTW. This method first partition: the Input Into
alphanumeric and non-ttipitnnumorlt: "words." so it is

Cllliitrl tntirtttiatts of tilt AC3»! Iii
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specialized for text. though we _were able to run it on
some other kinds Ill date as well. The core of the com-
pressor is a move-Io-front heuristic. Within each class.
the most recently seen words fire ltopl on a list [we

have used ltst am Hot. lttlta next. Input wordis al-
rmedy in tlscwuord list. then the compressor simply
encodes the position of the word in the list and then
moves the word to thotrottt otthe list. -‘rite rnove-to-

‘front haurtstie means that [roqdontly used words will
be near the lront_ol the list. so they can be encoded
with lower hits. it thertexl word in the" input stream is-
nct on the word Ilstjthen the new wordis added to the"t‘rontol'tltai1s1.wl:i|a another tvard is removed from '
the and of the list. and the new word must be com-
pressed cltetecter-bycharacter.

Since the empirical resultsln [5] do not actually give
an encoding for the positions oi’ words tn the list or for
the characters in new words that are output. we have
taken the liberty of using the V compressor as a subrou-
line to generate -these encoding; adaptively. {There are
actually four copies afVitter'saigoriti-tm running. one
to encode positions and one to encode characters in
each ol two partitions.) Using an adaptive Huffman is

‘ slow; a fitted encoditls would run faster. but we oitpcCl._
that a tired encoding would slightly reduce compras-.
sion on larger files while slightly improving compres-
sion on small flies. We could not run BSTW for all of
the data sets. since the perslngntecheniem murnes
human-readable text and long "words" appeer in the
other data sets» When the unreadable Input parsed
well. as in the case of run-co-dad fonts. the comps-alcrt

' was very good.
At. This is our basic method described earlier. it has

. a test and simple expander ($60,000 ‘oils/sec] with a
smell storage requirement [t0.ttti0_byteI]; However. the I
compressor is much slower and larger (73,000 bits/sec.
115.000 bytes using scan-from-leal snrl update-to-root].
The encoding’ has a maximum compression to its - 12.5
percent of the original tile sieabacatsse the best it can
do is copy ‘to characters with s to-bit codeword.

Caveat: its we mentioned above. the running times
reported include the file system" overhead for a rela-
tively slow disk. To provide a baseline. we timed a tile
copy without compression and obtained a rate oi
7o0.0DD bits per second. Thus. some olllte-faster expan-
sion rates we report are-severely limited by the dislt.
-For example. we estimate that without disk overhead
the M expander would be about twice as fast. On the
other hand. removing disk ovarhoed would hardly sl-
ice: the compressing: speed at M.

A2. This method. discussed in Section 3. enlarges the
window to ttt,:ta-t characters and uses verlabia-width
unary-codorl copy and litarai codewords to significantly
increase compression. The running time and storage -
requirements are sttt.tt00 tilts/soc and 21.000 bytes for
expansion and t'stl.t1titi bill/sac and fliifl.0iIlfl bytes Ior
compression {using suiI'|s pointers and porcolatod
upstate]. '

Communications of tits ACM

 

  
‘ B1. This method. discussed in Section 5. uses the A1

- are! characters. The compressor and expander run at

"substitution methods like C2 and statistical methods

. erty tl1et_is irou'o!e_eoma_ for testtuel substitution. since it

.-likely to follow the existing English stettatics.'On CC.
' "for example. C2 is signtftcarttly better than CW. We

. catty dtlterent parts. a.g. symbol tables. an_di'c_omplted
t__' code. C2 is able to ad]u_si to dramatic shilts within a

- file. due to literal codewords and copy addressing that
- iavors nearby oontext. while CW has no easy way to

. rapidly diminish the affect ololdar statistics.

‘support them. These rnotltods are strongly artttpttvo in

la}

encoding but triples compression speed by updating the
tree only at codeword boundaries and litetai charac-
ters. The running time and storage requirements are
4:ro.ooo bits/sac end 15.000 bytes for expansion and
ssoooo bits/sac and to?.Ettto-bytes for compression.

3:. This method. discussed in Sections. uses the
same encoding as it: but triples compression speed by
updating the tree only at codeword boundaries and lit-

i?D.Dott and 330.000 bits/sec. raspective|y._stnd have
storage requirements at 792,060 and 2t32.lJt1o‘bytes.

C2. This method. discussed in Section 7. uses the
same data structures ea 32 but a more powerful encod-
lng based directly upon the structure at the dictionary
tree. Compression is about the same and expansion
about 25 percent slower then 32: the compressor uses
about the same storage as oz. but the expander uses.
more (about 529.000 bytes]. ‘

Table I highlights some diftererices between textual

like CW. (Time and space performance differences have s . -'
been discussed ear|ier.} There are several data sets
where these methods differ dramatically. On N8. CW is
significantly better than C: We believe that this is be-
csusa NS shows greet diversity in vocabulary: a prop-

certrtet copy new words easily from elsewhere in the
document. but is benign for CW. since new words are

believe tl'tlt this is because CC contains several radi-

For all otour methods. :12. B2. and C2. window size
is a significant consideration because it determines
storage requirements and affects compression rttllns.
Chart.-I shows compression as a re nation oi window
also for the NS data set [concatenated into a single tile
to avoid slatl-up effects]. and for the BF hoot file. These
two data sets were typical oi the t:ilri't‘o‘da'| b'dt'iifiior we
observed in our other data sets: largo htsman-raatlabla
lites benefit greatly from increasing tvindow size. while
other test groups show little improvement beyond a
window size or-tit.

9. CONCLUSIONS
Wit have described sovoral practical motltotls for loss-
lass data compression and developed data structures to

the sense that they ndnpt notottiy tiurtng ainrtttp but
also to context changes occurring lntcr. Timy rtrn sull-
eblo for most ltigh speed nlttsllcollottsi ltecnttso they
rrtalto only cttti pass évor oousco tllltt1LI_lfit'l ortly"n mn-

dpriltsls Vtlltttitcdl Niutlllfrl
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Chart 4. Compression VI. ‘(il'it'idol Size. Dill Sill HS (bottom) ‘Dell 511 IF {lap}

its ni .-irnou tit ofslorage. and have constant amortized.
execution time per character-. -

our empirical studies point to several broad generall-
zsiians. First. based on the Hit and H1 theoretical lim-
its, textual substitution via A2. B2. or C2 surpasses
mernoryless or first-order Marliov methods applied on I
character-by-character beats on half the-datassts. On
the other iialr, even the ow third-or-dor method can’:
achieve the Hi hound. This suggests ihst.'lo surpass.
textual substitution for general purpose compression,
any ieinrkovrnotliod must he at least second-order. and
to (into. all such melliods have poorspsco and time
performance.

Sccoiidly. the methods we've developed itdnpt mu‘-
_ir||y «luring siartup and at transitions in tire middle of
tiles. One reason for rapid lidaplelinri is the use at‘
smaller roprosonletions for displacements to recent po-
sitions In the window. Another-reason is the inclusion
iii mulii-ciisrnciur literal codewords. Together the litur-
rila riiiri short rllaplnrcmonla allow our methods to per-
form wall on short iilu.-i. tiles with rnrilor internal shliis

- oi vonalmiary or alriiiril icill proparllol. and tiles with
bur.-it.-i of poorly eoniiirosslnn_maio:iul—a|l properties of
it iiiiutiilciirti fliJ_l'I'tl'll1i‘ nlillua in ottr iiiW|i1:it'ii'it.iJ'i'il. -

‘I‘I1ir:ily. ll l'i|'t[lrIRrl Ilint llitt riiriplsicomonl-ittttl-length
iippfflilltll to iuxiiitii siiiiiililuilon ll oiirioelaily affective

Aiirri tiilii lfiriiiiiir 3! Niuril-rri
 

l '. _,/\ I _ilris-miitonrritiuiions

on small lites. Dn it.iluiJvlsyte program source files. for
example. A2 and B: were over 2|! percent more ‘corri-
pei:l‘lltert testuai substitution methods which did not
use a ‘length field IUW. MWI. ‘end MW2]. This is not _
surprising tieesuse ti'is_ i_:ior_1iculs'r advantage of the

' length field in copy codewords is rapid adaptation on
small tiles. However, even on the largest files tasted. A2
and 3: usually achieved significantly higher comprey
sion. Only on images did other methods compete with
them-,oi1r most powerful method. C2. achieved higher
oompressiori than any other textual substitution
method we tested on all data sets. The effect of a length _'
field is to greatly expand dictionary size with little or
no increase in storage or processing Iirrte:'_our results
suggest that textual substitution methods that use a _..
length field will worlr better than those which do not.

Fourthly. studiesof A2. B2. and C2 osingdiiierent
window sizes showed that. for human-readable input
[e.s.. English. source oociei.' each doubling of window
size improves the compression ratio by roughly it per-

. cent"-[for details see Chart -1]. Furthermore. the data
structures supporting theas methods seals wail: running
time Is independent oiwliidow size. and n-ierrioryusaga
grows linearly with "window size. Thus increasing win-
dow size is an easy way to Improve the compression .
ratio for large files oi hurnsn-readable input. For other
types of input the window size can be reduced to 4096
without significantly impacting compression.

Going beyond these empirical results. an important
practical consideration is the lrsdaoif among speed.
storage. and degree of compression; speed and storage
have to be considered for both compression and expat» '
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 data
structure with amortized update has constant ernor- -

- ttsed time per character. compression is siillseveri
times slower than expansion. However. in nppliurions _
which can afford relatively slow compression. its is
excellent: i'or_a:ramp!e. A2 would be good [or mass.dls-
iribullon oi aoltwars on floppy disks or tor overnight
s‘.tlt‘l'il'lI.'BIlllJl'l oi files on a tile server. Furthermore. If the
parallel matching in the compression side o|'.i\2 were
supported with VLSI. the result would be a lost; power-
iui rhathocl requiring minimal itorago.both compressing
and expanding. '

- it: provides nearly three limos faster compression
than A2 but has somewhat slower expansion-and adop-tatlnn. Thus 32 is well su|ted.i'or communication and

archiving applications. ' '_
-M and 3! do not compress as wall as A2 and 52.

respectively. but because at‘ their two-codutvurd. byte.‘
aligned encoding: they are better choices iur applica-
tions where simplicity or speed is critical. |i’nr ii:Ki'lfl1-
pie. 1. Gssbsrro has designed and impienmntr.-it "'.I
expansion method like M to improvri lhri tin. f-iidlli of

3 n vtsr circuit tiistrir[12|.l
(‘.2 aohlevos significantly higher compression lltilii.

Iii. but its axpndur ls somuwiuit slower and has ii

Cuiimiiiuimiinm u,' the ACM 538
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larger slornge ru:quIrernent._tn the compression study
rcu-utter’: ln Seettentt. C2 achieved the highest compres-
sion ofall method: tested on EOE the Hit dale eels. - '

We belluve that our impluméntelletu nnrl umplllcll

‘ results demonstrate the value at window-based textual
suhetttulten. Together the A. 3 end C methods offer
good option: that can he chnsen acnelgtjtg to reeeurce
requirements. -

‘APPENDIX A
A Pathological Example

We noiv arm‘ a string that has the F pattern of
-equation lfljlolsecllen 3:

it I 5 lit" 1' -
F’ I Pit Pr Fe FA ‘
8 D ID [1 ‘t 2 til 14 15

Ila J’: 11': P1 3': Fm Pm Fe - - -

t-tnrenlter we will stop abstracting the string by its
copy lengths: capllnl letters are strings. smell latter!
are single. charncters. and l. j..r. pr. lt ere tnlttgora. The
pathoteglcttl string [ellews the pattern:

M..M. M...M..M. M.-.M..M. ..f (at
where iheparameler "r ll sheen large enough at:
that one iteration exeucrla llm finite wt:-.rlow[l|1ie
prevent: rti rec: cepytns tram the beginning of one
M.. to n subsequent M..]. Wtthtn each M. we have
groups.

[51

Mr ' GtuCnGi2 - .. Crux;-:1. - ll 0}
and ranch group ls:

G.,_- $"uaIt_5y‘oIl.l'WI”Io| Haltrosapetftitt-l-a Ii“!
- B;-smty'o:EtJ.p..:g . . . 3.-_-t.F;t.;,,.,.-|c.u. .

We have tntr--dune two more parameters: 1: is the
nuntlmr of mlnpr block! 3;. end I: ll lha number of:
characters. All of the s subscripts in the ebmre for-
mula are mmputed med t'I. The group; show In that.
for example. the bnglnnlng «etc... I 5. 5.3,.” .. .

I tell! not rnatch ertttrettr with the beginning of ,
G... - 5.3.5. ....1l\vlll. hewetrar. match-In two
parts: the pre1'|x_s.B. appear: In both elrlngs. and the
sulfitt G... - . .. 8.5,... . . . wtll match with the sulltx

' MO... I 3.5,... If. for t::tn_mp|e'. B." has 9 charac-- :et 5. this glues two consecutive locations where '
n copy claim It) in poutb1n.|nthe pattern e|'
equntlon D.

’ It remain: to creulu the match of length 2 el posi-
tten 12 in equation {B}. For this purpose. each at the
ct above ere either 2. or e,-_. They will elwayfprecde
respectively even and odd numbered 5.. and match
in pain wtth their fullewlny sfs. For example. the 1-,.
in C... 1- :.B.s.re.1;8;s. . .. will match wiIh's.. The
ens. match I: htdden in a miner block segregated
from the ode numbered 5]:

8.. - r:..s..e..s.-..s. 2-..st-.

B. - I.-.'..s..e..s;.;;r..s;... .'.. ct-Sn-2

B.” 1- .rt‘.Sen91nr. c.s....:

B,” - 1't1u$|Dn§:l0u$5 . .. oas.-.

This adieu p and at to be related by:
pit - 2m

. In the cue el’ eur runnlna example. where the llnite
window is size 4095 and the maximum copy Eength
is 16 characters. an appropriate setting of the ebeve
parameters ta: .

r-2. t--a. p=_-1&0. n-'-zen us]
We need to ta_tte_sema care that the heuristic does
not find the optimal relutlen. It turns out that it we
lust start an In equation [it]. than the tire: M.. will not
cenapren well. but the heuristic will start the hehev.
ior we are seeking in Mt. Asyrnplottcalty we achieve
a were! use ratle III" ‘In between the epltmnl eluc-

- rllhm end the policy hcuristtc. .

APPENDIX 3
Computing 1 Unary-fined Varlelute Length

' Encoding oi the Integer:

In Smillnn 5 we tlnllnnd an (alert. step. Ilep] unary —
cutlu nf the i_trte|trtra an tl ttlrtng el ll cute: lnllewatl by
n -rurn fnllowutl Ivy n lleltl of ,t btt.-I, 'wherat ts "in the
nrtlltntntln |trnuru.Inl'en tlellnutt ‘try tatttrt. alert. Ilepl.
'|'|tltt can l:tlH!lt.llll1l'tKl ttrerrlttoly by the following
nnnnrlnr: .

 

Encectefler:
t'ttt'.Ic |nut'. cMtt:tItMI.. stttrl. step. lest: c:AtutIrMI.| ~ 1

UNTIL uul _< l'owur2[e|nrI| no
l"utBt‘lr[l.1l:

out -— out - I’D't'mr?.{:tlnrI|:
‘ Itnrl. I-Ilert + stun:

,u|im't't9tt9 Vntut-Ir.‘>1 Nmrtt-rrt
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ll’ 51:: rl < Insl ‘rum PlJ_tIB“lE|ZlI.I|, aInrl+1}

_—I'l {allarrurd by firlduf sr‘ze"srar."'
ELSE rr starl > llrsl THIN’ alum: ‘
21,5: PulBIrs[oul. slarl}: ~—m.-2 ll bi:

.1: _, .
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