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Preliminary Classification:
Proposed Class:

Subclass:
NOTE: "All applicants are requested to include a preliminary classification on newly filed patent applications.
The preliminary classification, preferably class and subclass designations, should be identified in the

upper right-hand comer of the letter of transmittal accompanying the application papers, for example
‘Proposed Class 2, subclass 129.” M.P.E.P. § 601, 7" ed.

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Box Patent Application
Assistant Commissioner for Patents

Washington, D.C. 20231
NEW APPLICATION TRANSMITTAL

Transmitted herewith for filing is the patent application of

Inventor(s): Marta KARCZEWICZ and Ragip KURCEREN

WARNING: 37 C.F.R.§ 1.41(a)(1) points out:
“(a) A patent is applied for in the name or names of the actual inventor or inventors.
“(1) The inventorship of a nonprovisional application is that inventorship set forth in the oath or
declaration as prescribed by § 1.63, except as provided for in § 1.53(d)(4) and § 1.63(d). If an
oath or declaration as prescribed by § 1.63 is not filed during the pendency of a nonprovisional
application, the inventorship is that inventorship set forth in the application papers filed
pursuant to § 1.53(b), unless a petition under this paragraph accompanied by the fee set forth
in § 1.17(1) is filed supplying or changing the name or names of the inventor or inventors.”

For (title): METHOD AND SYSTEM FOR CONTEXT-BASED ADAPTIVE BINARY
ARITHMETIC CODING

CERTIFICATION UNDER 37 C.F.R. § 1.10*

(Express Mail label number is mandatory)
(Express Mail certification is optional.)

| hereby certify that this New Application Transmittal and the documents referred to as attached therein are
being deposited with the United States Postal Service on this date Nevgmber 27, 2001 | in an envelope as
“Express Mail Post Office to Addressee,” mailing Label Number EL 762540486 US , addressed to the:
Assistant Commissioner for Patents, Washington, D.C. 20231.

Annemarie Lazor
(type,or print name of persgn, mailing paper)

<A

Signature of person mailingbaper

WARNING:  Certificate of mailing (first class) or facsimile transmission procedures of 37 C.F.R. § 1.8 cannot
be used to obtain a date of mailing or transmission for this correspondence.

Each paper or fee filed by “Express Mail” must have the number of the “Express Mail” mailing

label placed thereon prior to mailing. 37 C.F.R. § 1.10(b).
Since the filing of correspondence under § 1.10 without the Express Mail mailing label thereon js

an oversight that can be avoided by the exercise of reasonable care, requests for waiver of this
requirement will not be granted on petition.” Notice of Oct. 24, 1996, 60 Fed. Reg. 56,439, at

56,442.

WARNING:
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1. Type of Application
This new application is for a(n)
(check one applicable item below)
Original (nonprovisional)
O Design
O Plant

WARNING: “Do not use this transmittal for a completion in the U.S. of an International Application under 35
U.S.C. § 37(c)(4), unless the International Application is being filed as a divisional, continuation or
continuation-in-part application.

WARNING: Do not use this transmittal for the filing of a provisional application.

NOTE: If one of the following 3 items apply, then complete and attach ADDED PAGES FOR NEW
APPLICATION TRANSMITTAL WHERE BENEFIT OF A PRIOR U.S. APPLICATION CLAIMED and
a NOTIFICATION IN PARENT APPLICATION OF THE FILING OF THIS CONTINUATION
APPLICATION. )

[0 Divisional
0 Continuation
O Continuation-in-part (C-I-P)

2. Benefit of Prior U.S. Application(s) (35 U.S.C. §§ 119(e), 120, or 121)

NOTE: A nonprovisional application may claim an invention disclosed in one or more prior filed copending
nonprovisional applications or copending international applications designating the United States of
America. In order for a nonprovisional application to claim the benefit of a prior filed copending
nonprovisional application or copending international application designating the United States of
America, each prior application must name as an inventor at least one inventor named in the later
filed nonprovisional application and disclose the named inventor’s invention claimed in at least one
claim of the later filed nonprovisional application in the manner provided by the first paragraph of 35
U.S.C. § 112. Each prior application must also be:

(i) An international application entitled to a filing date in accordance with PCT Article 11 and
designated the United States of America; or

(ii) Complete as set forth in § 1.51(b); or

(iii) Entitled to a filing date as set forth in § 1.53(b) or § 1.53(d) and include the basic filing fee set
forthin § 1.16; or

(iv) Entitled to a filing date as set forth in § 1.53(b) and have paid therein the processing and
retention fee set forth in § 1.21(1) within the time period set forth in § 1.53(f).

37 C.F.R. § 1.78(a)(1).

NOTE: If the new application being transmitted is a divisional, continuation or a continuation-in-part of a
parent case, or where the parent case is an International Application which designated the U.S., or
benefit of a prior provisional application is claimed, then check the following item and complete and
aftach ADDED PAGES FOR NEW APPLICATION TRANSMITTAL WHERE BENEFIT OF PRIOR
U.S. APPLICATION(S) CLAIMED.

WARNING: If an application claims the benefit of the filing date of an earlier filed application under 35
U.S.C. §§ 120, 121 or 365(c), the 20-year term of that application will be based upon the filing
date of the earliest U.S. application that the application makes reference to under 35 U.S.C. §§
120,121 or 365(c). (35 U.S.C. § 154(a)(2) does not take into account, for the determination of
the patent term, any application on which priority is claimed under 35 U.S.C. §§ 199, 365(a) or
365(b).) For a c-i-p application, applicant should review whether any claim in the patent that will
issue is supported by an earlier application and, if not, the applicant should consider canceling
the reference to the earlier filed application. The term of a patent is not based on a claim-by-
claim approach. See Notice of April 14, 1995, 60 Fed. Reg. 20,195, at 20,205.
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WARNING:

When the fast day of pendency of a provisional application falls on a Saturday, Sunday, or
Federal holiday within the District of Columbia, any nonprovisional application claiming benefit of
the provisional application must be filed prior to the Saturday, Sunday, or Federal holiday within
the District of Columbia. See 37 C.F.R. § 1.78(a)(3).

The new application being transmitted claims the benefit of prior U.S.
application(s). Enclosed are ADDED PAGES FOR NEW APPLICATION
TRANSMITTAL WHERE BENEFIT OF PRIOR U.S. APPLICATION(S)
CLAIMED.

3. Papers Enclosed

A. Required for filing date under 37 C.F.R. § 1.53(b) (Regular) or 37 C.F.R. § 1.153
(Design) Application
Pages of specification

7 Pages of claims

llo_Sheets of drawings

WARNING: DO NOT submit original drawings. A high quality copy of the drawings should be supplied

NOTE:

O

when filing a patent application. The drawings that are submitted to the Office must be on
strong, white, smooth, and non-shiny paper and meet the standards according to § 1.84. If
corrections to the drawings are necessary, they should be made to the original drawing and
a high-quality copy of the corrected original drawing then submitted to the Office. Only one
copy is required or desired. For comments on proposed then-new 37 C.F.R. § 1.84, see
Notice of March 9, 1988 (1990 O.G, 57-62).

“Identifying indicia, if provided, should include the application number or the title of the invention,
inventor’s name, docket number (if any), and the name and telephone number of a person to call
if the Office is unable to match the drawings to the proper application. This information should
be placed on the back of each sheet of drawing a minimum distance of 1.5 cm (5/8 inch) down
from the top of the page . . .” 37 C.F.R. § 1.84(c)).

(complete the following, if applicable)

The enclosed drawing(s) are photograph(s). Three (3) sets of photographs
and a “PETITION TO ACCEPT PHOTOGRAPH(S) AS DRAWING(S)” are
attached. 37 C.F.R. § 1.84(b).

The enclosed drawing(s) are in color. Three (3) sets of color drawings and a
“PETITION TO ACCEPT COLOR DRAWING(S)” are attached. 37 C.F.R. §§
1.84(a)(2) and 1.84(b).

formal

]

informal

B. Other Papers Enclosed

_O Pages of declaration and power of attorney
_1_Pages of abstract
_1_Other (Title Page)

4. Additional papers enclosed

O

Ooo0oao

Amendment to claims

O Cancel in this application claims before
calculating the filing fee. (At least one original independent claim must
be retained for filing purposes.)

O Add the claims shown on the attached amendment. (Claims added have
been numbered consecutively following the highest numbered original
claims.)

Preliminary Amendment
Information Disclosure Statement (37 C.F.R. § 1.98)
Form PTO-1449 (PTO/SB/08A and 08B)

Citations
(New Application Transmittal [4-1] page 3 of 11)
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Declaration of Biological Deposit

Submission of “Sequence Listing,” computer readable copy and/or amendment

pertaining thereto for biotechnology invention containing nucleotide and/or amino

acid sequence.

O Authorization of Attorney(s) to Accept and Follow Instructions from
Representative

O . Special Comments

0O Other

5. Declaration or oath (including power of attorney)

o

NOTE: A newly executed declaration is not required in a continuation or divisional application provided that
the prior nonprovisional application contained a declaration as required, the application being filed is
by all or fewer than all the inventors named in the prior application, there is no new matter in the
application being filed, and a copy of the executed declaration filed in the prior application (showing
the signature or an indication thereon that it was signed) is submitted. The copy must be
accompanied by a statement requesting deletion of the names of person(s) who are not inventors of
the application being filed. If the declaration in the prior application was filed under § 1.47, then a
copy of that declaration must be filed accompanied by a copy of the decision granting § 1.47 status
or, if a nonsigning person under § 1.47 has subsequently joined in a prior application, then a copy of
the subsequently executed declaration must be filed. See 37 C.F.R. §§ 1.63(d)(1)-(3).

NOTE: A declaration filed to complete an application must be executed, identify the specification to which it is
directed, identify each inventor by full name including family name and at least one given name,
without abbreviation together with any other given name or initial, and the residence, post office
address and country or citizenship of each inventor, and state whether the inventor is a sole or joint
inventor. 37 C.F.R. § 1.63(a)(1)-(4).

NOTE: “The inventorship of a nonprovisional application is that inventorship set forth in the oath or
declaration as prescribed by § 1.62, except as provided for in § 1.53(d)}(4) and § 1.63(d). If an oath or
declaration as prescribed by § 1.63 is not filed during the pendency of a nonprovisional application,
the inventorship is that inventorship set forth in the application papers filed pursuant to § 1.53(b),
unless a petition under this paragraph accompanied by the fee set forth in § 1.17(1) is filed supplying
or changing the name or names of the inventor or inventors.” 37 C.F.R. § 1.41(a)(1).

O Enclosed
Executed by
(check all applicable boxes)

inventor(s).

legal representative of inventor(s). 37 C.F.R. §§ 1.42 or 1.43.

joint inventor or person showing a proprietary interest on behalf of inventor
who refused to sign or cannot be reached.

O This is the petition required by 37 C.F.R. § 1.47 and the statement
required by 37 C.F. R. § 1.47 is also attached. See item 13 below for fee.

Not Enclosed

ooo

NOTE: Where the filing is a completion in the U.S. of an International Application or where the completion of
the U.S. application contains subject matter in addition to the International Application, the application
may be treated as a continuation or continuation-in-part, as the case may be, utilizing ADDED PAGE
FOR NEW APPLICATION TRANSMITTAL WHERE BENEFIT OF PRIOR U.S. APPLICATION
CLAIMED.

O Application is made by a person authorized under 37 C.F.R. § 1.41(c) on
behalf of alf the above named inventor(s).

{New Application Transmittal [4-1] page 4 of 11)
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(The declaration or oath, along with the surcharge required by 37 C.F.R. § 1.16(e) can be filed
subsequently).

0 Showing that the filing is authorized.
(not required unless called into question. 37 C.F.R. § 1.41(d))

6. Inventorship Statement

WARNING:  If the named inventors are each not the inventors of all the claims an explanation, including the
ownership of the various claims at the time the last claimed invention was made, should be
submitted.

The inventorship for all the claims in this application are:

Xl The same.
or

Not the same. An explanation, including the ownership of the various claims
at the time the last claimed invention was made,
is submitted.

O will be submitted

7. Language

NOTE: An application including a signed oath or declaration may be filed in a language other than English.
An English translation of the non-English language application and the processing fee of $130.00
required by 37 C.F.R. § 1.17(k) is required to be filed with the application, or within such time as may
be set by the Office. 37 C.F.R. § 1.52(d).

English
O Non English

O The attached translation includes a statement that the translation is accurate.
37 C.F.R. § 1.52(d).
8. Assignment

An assignment of the invention to Nokia Corporation

0O is attached. A separate O “COVER SHEET FOR ASSIGNMENT
(DOCUMENT) ACCOMPANYING NEW PATENT APPLICATION” or O
FORM PTO 1595 is also attached.

will follow.

NOTE: “If an assignment is submitted with a new application, send two separate letters-one for the
application and one for the assignment.” Notice of May 4, 1990 (1114 O.G. 77-78).

WARNING: A newly executed “CERTIFICATE UNDER 37 C.F.R. § 3.73(b)” must be filed when a
continuation-in-part application is filed by an assignee. Notice of April 30, 193, 1150 O.G. 62-64.

O This is a 0O continuation O divisional  application and the assignment

document for the parent application 0/ was filed on

Reel
Frame

(New Application Transmittal [4-1] page 5 of 11)
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9. Certified Copy
Certified copy(ies) of application(s)

Country Applin. No. Filed
Country Applin. No. Filed
Country Appin. No. Filed

from which priority is claimed

O is (are) attached.
O will follow.

NOTE: The foreign application forming the basis for the claim for priority must be referred to in the oath or
declaration. 37 C.F.R. § 1.55(a) and 1.63.

NOTE: This item is for any foreign priorify for which the application being filed directly relates. If any parent
U.S. application or International Application from which this application claims benefit under 35 U.S.C.
§ 120 is itself entitled to priority from a prior foreign application, then complete item 18 on the ADDED
PAGES FOR NEW APPLICATION TRANSMITTAL WHERE BENEFIT OF PRIOR U.S.
APPLICATION(S) CLAIMED.

10. Fee Calculation (37 C.F.R. § 1.16)
A. Reguiar application

CLAIMS AS FILED
Number filed Number Extra Rate Basic Fee
37 C.F.R. § 1.16(a)
$740.00
Total Claims
(37C.FR. § 1.16(0))33-20 = 13 x $18.00= 23;_{ 00
Independent Claims
(37 CF.R.§1.16(b)) |l - 3= & X $84.00 = (13,00
Multiple dependent claim(s),
if any (37 C.F.R. § 1.16(d)) + $280.00

O Amendment canceling extra claims is enclosed.
0 Amendment deleting multiple-dependencies is enclosed.
Fee for extra claims is not being paid at this time.

NOTE: If the fees for extra claims are not paid on filing, they must be paid or the claims canceled by

amendment, prior to the expiration of the time period set for response by the Patent and Trademark
Office in any notice of fee deficiency. 37 C.F.R. § 1.16(d).

Filing Fee Calculation $ “04 G .00

B. O Design application
($330.00 — 37 C.F.R. § 1.16(f))

Filing Fee Calculation $

{New Application Transmittal [4-1] page 6 of 11)
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C. O Plant application
($510.00 - 37 C.F.R. § 1.16(g))
Filing Fee Calculation $

11. Small Entity Statement(s)

O Statement(s) that this is a filing by a small entity under 37 C.F.R. §§ 1.9 and 1.27
is no longer necessary.

WARNING: “Status as a small entity must be specifically established in each application or patent in which
the status is available and desired. Status as a small entity in one application or patent does not
affect any other application or patent, including applications or patents which are directly or
indirectly dependent upon the application or patent in which the status has been established.
The refiling of an application under § 1.53 as a continuation, division, or continuation-in-part
(including a continued prosecution application under § 1.53(d)), or the filing of a reissue
application requires a new determination as to continued entitlement to small entity status for the
continuing or reissue application. A nonprovisional application claiming benefit under 35 U.S.C.
§ 119(e), 120, 121, or 365(c) of a prior application, or a reissue application may rely on a
statement filed in the prior application or in the patent if the nonprovisional application or the
reissue application includes a reference to the statement in the prior application or in the patent
or includes a copy of the statement in the prior application or in the patent and status as a small
entity is still proper and desired. The payment of the small entity basic statutory filing fee will be
treated as such a reference for purposes of this section.” 37 C.F.R. § 1.28(a)(2).

WARNING: “Small entity status must not be established when the person or persons signing the. . .

statement can unequivocally make the required self-cettification.” M.P.E.P., § 509.03, 6" ed,
rev. 2, July 1996 (emphasis added). ’

(complete the following, if applicable)

O Status as a small entity was claimed in prior application

/ , filed on , from which
benefit is being claimed for this application under:

35U.8.C.§ 0 119(e),
O 120,
o 121,
0 365(c),

and which status as a small entity is still proper and desired.

O A copy of the statement in the prior application is included.
Filing Fee Calculation (50% of A, B, or C above)
$

NOTE: Any excess of the full fee paid will be refunded if a small entity statement and a refund request are
filed within 2 months of the date of timely payment of a full fee. The two-month period is not
extendable under § 1.136. 37 C.F.R. § 1.28(a).

12. Request for International-Type Search (37 C.F.R. § 1.104(d))
(complete, if applicable)

O Please prepare an international-type search report for this application at the time
when national examination on the merits takes place.

(New Application Transmittal [4-1] page 7 of 11)
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13. Fee Payment Being Made at This Time
Not Enclosed

No filing fee is to be paid at this time.
(This and the surcharge required by 37 C.F.R. § 1.16(e) can be paid
subsequently.)

O Enclosed
O Filing fee $

O Recording assignment
($40.00 - 37 C.F.R. § 1.21(h))
(See attached “COVER SHEET
FOR ASSIGNMENT ACCOMPANYING
NEW APPLICATION.”) $

[0 Petition fee for filing by other than all the
inventors or person on behalf of the inventor
where inventor refused to sign or cannot be
reached.
($130.00 — 37 C.F.R. §§ 1.47 and 1.17(i)) $

[0 For processing an application with a
specification in a non-English language
($130.00; 37 C.F.R. §§ 1.52(d) and 1.17(k)) $

O Processing and retention fee
($130.00, 37 C.F.R. §§ 1.52(d) and 1.21(1)) $

O Fee for international-type search report
Lk ($40.00; 37 C.F.R. § 1.21(e)) $

NOTE: 37 C.F.R § 1.21(i) establishes a fee for processing and retaining any application that is abandoned
for failing to complete the application pursuant to 37 C.F.R. § 1.53(f} and this, as well as the changes
to 37 C.F.R. §§ 1.53 and 1.78(a)(1), indicate that in order to obtain the benefit of a prior U.S.
application, either the basic filing fee must be paid, or the processing and retention fee of § 1.21(l)
must be paid, within 1 year from the notification under § 53(f).

Total fees enclosed $

14. Method of Payment of Fees
O Attachedisa [Icheck [ money order in the amount of §

O Authorization is hereby made to charge the amount of $

O to Deposit Account No.

[0 to Credit card as shown on the attached credit card information authorization
form PTO-2038.

WARNING:: Credit card information should not be included on this form as it may become public.

O Charge any additional fees required by this paper or credit any overpayment in
the manner authorized above.

(New Application Transmittal [4-1] page 8 of 11)
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15. Authorization to Charge Additional Fees

WARNING:  If no fees are to be paid on filing, the following items should not be completed.

WARNING: Accurately count claims, especially multiple dependent claims, to avoid unexpected high

NOTE:

NOTE:

NOTE:

charges, if extra claim charges are authorized.

O The Office is hereby authorized to charge, in the manner shown above, the
following additional fees that may be required by this paper and during the
entire pendency of this application.

O 37 C.F.R.§ 1.16(a), (f), or (g) (filing fees)
O 37 C.F.R.§1.16(b), (c), and (d) (presentation of extra claims)

Because additional fees for excess or multiple dependent claims not paid on filing or on later
presentation must only be paid or these claims canceled by amendment prior to the expiration of the
time period set for response by the P.T.O. in any notice of fee deficiency (37 C.F.R. § 1.16(d)), it
might be best not to authorize the P.T.O. to charge additional claim fees, except possibly when
dealing with amendments after final action.

O 37 C.F.R. § 1.16(e) (surcharge for filing the basic filing fee and/or
declaration on a date later than the filing date of the application)

O 37 C.F.R. § 1.17(a)(1)-(5) (extension fees pursuant to § 1.136(a))

O 37 C.F.R. § 1.17 (application processing fees)

WARNING: “...A written request may be submitted in an application that is an authorization to treat any

concurrent or future reply, requiring a petition for an extension of time under this paragraph for
its timely submission, as incorporating a petition for extension of time for the appropriate length
of time. An authorization to charge all required fees, fees under § 1.17, or all required extension
of time fees will be treated as a constructive petition for an extension of time in any concurrent or
future reply requiring a petition for an extension of time under this paragraph for its timely
submission. Submission of the fee set forth in § 1.17(a) will also be treated as a constructive
petition for an extension of time in any concurrent reply requiring a petition for an extension of
time under this paragraph for its timely submission.” 37 C.F.R. § 1.136(a)(3).

O 37 C.F.R. § 1.18 (issue fee at or before mailing of Notice of Allowance,
pursuant to 37 C.F.R. § 1.311(b))

Where an authorization to charge the issue fee to a deposit account has been filed before the maifing
of a Notice of Allowance, the issue fee will be automatically charged to the deposit account at the
time of mailing the Notice of Allowance. 37 C.F.R. § 1.311(b).

37 C.F.R. § 1.28(b) requires “Notification of any change in status resulting in loss of entitlement to
small entity status must be filed in the application . . . prior to paying, or at the time of paying, . . .
issue fee.” From the wording of 37 C.F.R. § 1.28(b), (a) notification of change of status must be
made even if the fee is paid as “other than a small entity” and (b) no notification is required if the
change is to another small entity.

(New Application Transmittal [4-1] page 9 of 11)
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16. Instructions as to Overpayment

NOTE: “...Amounts of twenty-five dollars or less will not be returned unless specifically requested within a
reasonable time, nor will the payer be notified of such amounts; amounts over twenty-five doflars may
be returned by check or, if requested, by credit to a deposit account.” 37 C.F.R. § 1.26(a).

O Credit Account No.
O Refund

Date: November gj)) 900l L(""\ Ji"o

SIGNATURE OF PRACTITIONER

Reg. No. 40,061

Tel. No. (203) 261-1234 Kenneth Q. Lao
(type or print name of practitioner
Ware, Fressola, Van Der Sluys &

Adolphson LLP

755 Main Street
P.O. (Correspondence) Address
P.O. Box 224

Customer No. 004955 Monroe, CT 06468

(New Application Transmittal [4-1] page 10 of 11)
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O Incorporation by reference of added pages

{check the following item if the application in this transmittal claims the benefit of prior
U.S. application(s) (including an international application entering the U.S. stage as a
continuation, divisional or C-I-P application) and complete and attach the ADDED
PAGES FOR NEW APPLICATION TRANSMITTAL WHERE BENEFIT OF PRIOR
U.S. APPLICATION(S) CLAIMED.)

[0 Plus Added Pages for New Application Transmittal Where Benefit of Prior U.S.
Application(s) Claimed
Number of pages added

O Plus Added Pages for Papers Referred to in ltem 4 Above

Number of pages added

O Plus added pages deleting names of inventor(s) named in prior application(s)
who is/are no longer inventor(s) of the subject matter claimed in this application.

Number of pages added

O Plus “Assignment Cover Letter Accompanying New Application”
Number of pages added

Statement Where No Further Pages Added

(if no further pages form a part of this Transmittal, then end this Transmittal with
this page and check the following item.

This transmittal ends with this page.

(New Application Transmittal [4-1] page 11 of 11)
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METHOD AND SYSTEM FOR CONTEXT-BASED
ADAPTIVE BINARY ARITHMETIC CODING

FIELD OF THE INVENTION

The present invention relates generally to the compression of still images and
video sequences and, more particularly, to a method and system for context-based

adaptive binary arithmetic coding.

BACKGROUND OF THE INVENTION

A digital image in uncompressed form comprises an array of image pixels or

picture elements. For example, in a commonly used digital image format, known as the
Quarter Common Interchange Format (QCIF), an image, or frame, comprises 25,344
pixels arranged in an array 176x144 pixels. Each pixel, in turn, is represented by a certain
number of bits, which carry information about the brightness (luminance) and/or color
(chrominance) of the pixel. Different schemes exist for representing the luminance and/or
chrominance of pixels in a digital image. Commonly, a so-called YUV color model is
used. The luminance, or Y, component represents the luminance of the pixel, while the
color of the pixel is represented by two chrominance or color difference components,
labelled U and V. Other color models, such as RGB (Red, Green, Blue) color models,
which are based on components representing the three primary colors of light, are also
commonly used. However, color models based on a luminance/chrominance
representation provide advantages compared with color models based on primary colors.
These stem from the nature of the human visual system, which is more sensitive to
intensity variations than it is to color variations. YUV color models typically exploit this
property by using a lower spatial resolution for the chrominance components (U, V) than
for the luminance component (Y). In this way the amount of information needed to
represent the color information in an image can be reduced without a noticeable reduction
in perceived image quality.

The lower spatial resolution of the chrominance components is usually attained by
sub-sampling. Typically, a block of 16x16 image pixels is represented by four blocks of

8x8 pixels comprising luminance information and the corresponding chrominance

Page 13 of 116
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components are each represented by one block of 8x8 pixels representing an area of the
image equivalent to that of the 16x16 pixels in the luminance component. The
chrominance components are thus spatially sub-sampled by a factor of 2 in the x and y
directions. The resulting assembly of four 8x8 pixel luminance blocks and two spatially
corresponding 8x8 pixel chrominance blocks is commonly referred to as a YUV
macroblock, or macroblock, for short. A QCIF image comprises 11x9 such macroblocks.
If the luminance blocks and chrominance blocks are represented with 8 bit resolution
(that is by numbers in the range 0 to 255), the total number of bits required to represent
the luminance and chrominance information associated with each macroblock is
6x(8x8x8) = 3072 bits. Thus, the number of bits needed to represent an image in QCIF
format is 99x3072 = 304,128 bits.

It should be appreciated that even in the situation described above, where both
chrominance components of a digital color image are sub-sampled by a factor of two, an
uncompressed image of only moderate size (e.g. 176x144 pixels) requires a large number
of bits for its representation. This means that the amount of memory required to store
digital images in uncompressed form is excessive. Furthermore, if still images are to be
transferred, for example over a data communications network having a moderate or low
available bandwidth, transmission times may become lengthy, or the network may
become congested. Bandwidth requirements are even more severe if it is desired to
transmit a series of images as a digital video sequence in real time. For example,
transmission of a digital video sequence comprising a series of images in uncompressed
QCIF format, represented using a YUV color model, at a rate of 30 frames per second,
requires more than 9 Mbits/s (million bits per second). Such a high data rate is generally
impractical for use in video recording, transmission and display applications because of
the very large storage capacity, transmission channel capacity and hardware performance
required. If a video sequence is to be transmitted in real-time over a fixed line network
such as an ISDN (Integrated Services Digital Network) or a PSTN (Public Service
Telephone Network), the available data transmission bandwidth is typically of the order
of 64kbits/s. In mobile video-telephony, where transmission takes place at least in part
over a radio communications link, the available bandwidth can be as low as 20kbits/s.

This means that a significant reduction in the amount of information used to represent
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video data must be achieved in order to enable transmission of digital images or video
sequences over low bandwidth communication networks. It is nevertheless desirable that
this reduction should be achieved without significantly degrading the quality of the
images/video sequence.

Over the past years, a considerable amount of research work has been directed
towards reducing the amount of data required to represent digital images and video
sequences, resulting in the development of numerous different schemes and international
standards for compressing digital still images and digital video. The basic approach to
image compression used in almost all still image and video encoders existing today
involves block-based transform coding. Typically, transform coding translates image data
from a representation comprising pixel values to a form comprising a set of coefficient
values, each of which is a weighting factor (multiplier) for a basis function of the
transform in question. It can be shown that there is a considerable degree of spatial
redundancy within a typical digital image. In practical terms, this means that in general
the value of any pixel within an image is substantially the same as the value of other
pixels in its immediate vicinity; that is, there is a significant degree of correlation between
pixel values. It is further known that when certain mathematical transformations, such as
the two-dimensional Discrete Cosine Transform (DCT), are performed on image data,
this spatial redundancy is reduced significantly, thereby producing a more compact

representation of the image data.

Block-based Transform Coding as Used in JPEG Still Image Coding

In still image compression, such as that performed according to the baseline mode
of the widely-used JPEG standard, an image to be coded is first divided into an array of
non-overlapping square blocks, each block comprising, for example, an 8 x 8 array of
image pixels. In the case of the JPEG baseline, a two-dimensional Discrete Cosine
Transform (DCT) is then applied independently to each of the image blocks. This has the
effect of converting the image data from the pixel value domain to the spatial frequency
domain and to produce a corresponding set of coefficient values, each of which is a
weighting factor for a basis function of the two-dimensional DCT. The coefficient values

thus produced are quantized and then coded in a lossless manner using entropy coding to
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further reduce the amount of data (i.e. number of bits) required for their representation.
According to the JPEG baseline, the entropy coder employs only Huffman coding to
produce a compressed bit-stream, although in other modes arithmetic coding may
alteratively be used. Finally, data describing image and coding parameters (e.g. type of
compression, quantization and coding tables, image size, etc.) is embedded in the bit-
stream produced by the entropy encoder. As the JPEG standard comprises four alternative
coding modes and places few constraints on the quantization and coding tables that can be
used, this is necessary in order to enable JPEG compressed bit-streams to be interchanged
among different platforms and for images to be reconstructed without any ambiguity.

A digital video sequence, like an ordinary motion picture recorded on film,
comprises a sequence of still images (often referred to as 'frames'), the illusion of motion
being created by displaying the frames one after the other at a relatively fast rate,
typically 15 to 30 frames per second. As in any still image, the pixel values of an
individual frame within a digital video sequence exhibit considerable spatial redundancy.
Therefore, the frames of a digital video sequence are amenable to block-based transform
coding, just like individual still images.

Images in the consecutive frames of a video sequence also tend to be quite
similar and thus the overall change between one video frame and the next is rather small.
This means that there is considerable temporal redundancy within a typical digital video
sequence. For example, a scene may comprise some stationary elements, such as
background scenery, and some moving areas, for example the face of a newsreader. In
consecutive frames of the sequence, it is likely that the background will remain unaltered
and the only movement in the scene will be due to changes in facial expression of the
newsreader. Thus, when forming a compressed representation of a video sequence there is
also a possibility to use techniques which reduce the temporal redundancy of the image
data of the sequence in addition to methods that reduce spatial redundancy, thereby

allowing further data compression to be achieved.

Hybrid Video Encoder/Decoder

State of the art video coding systems make use of a technique known as 'motion-

compensated prediction’, to reduce the temporal redundancy in video sequences. Using
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motion-compensated prediction, the image content of some (often many) frames in a
digital video sequence is 'predicted’ from one or more other frames in the sequence,
known as 'reference frames'. Prediction of image content is achieved by tracing the
motion of objects or regions of an image between a frame to be coded (compressed) and
the reference frame(s) using 'motion vectors'. In general, the reference frame(s) may
precede the frame to be coded or may follow it in the video sequence. However, as will
become apparent from discussions later in the text, it is not appropriate (or possible) to
apply motion-compensated prediction to all frames of a video sequence and thus at least
two types of encoding are used in state of the art video coding systems.

Frames of a video sequence which are compressed using motion-compensated
prediction are generally referred to as INTER-coded or P-frames. Motion-compensated
prediction alone rarely provides a sufficiently precise representation of the image content
of a video frame and therefore it is typically necessary to provide a so-called ‘prediction
error' (PE) frame with each INTER-coded frame. As will be explained in greater detail
later in the text, the prediction error frame represents the difference between a decoded
version of the INTER-coded frame and the image content of the frame to be coded. More
specifically, the prediction error frame comprises values that represent the difference
between pixel values in the frame to be coded and corresponding reconstructed pixel
values formed on the basis of a predicted (INTER-coded) version of the frame in
question. Consequently, the prediction error frame has characteristics similar to a still
image and block-based transform coding can be applied in order to reduce the amount of
data (number of bits) required to represent it.

Frames of a video sequence which are not compressed using motion-compensated
prediction are referred to as INTRA-coded or I-frames. Generally, INTRA-coded frames
are produced by applying block-based transform coding directly to the pixel values of the
frame to be coded. Additionally, where possible, blocks of INTRA-coded frames are
predicted from previously coded blocks within the same frame. This technique, known as
INTRA-prediction, has the effect of further reducing the amount of data required to
represent an INTRA-coded frame.

In order to illustrate principles of block-based transform coding and motion-

compensated prediction in greater detail, reference will now be made to Figure 1, which
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is a schematic of a generic hybrid video encoder that employs a combination of INTRA-
and INTER-coding to produce a compressed (encoded) video bit-stream. A corresponding
decoder is illustrated in Figure 2 and will be described later in the text.

The video encoder 300 comprises an input 301 for receiving a digital video signal
from a camera or other video source (not shown). It also comprises a transformation unit
304 which is arranged to perform a block-based discrete cosine transform (DCT), a
quantizer 306, an inverse quantizer 308, an inverse transformation unit 310, arranged to
perform an inverse block-based discrete cosine transform (IDCT), combiners 312 and
316, and a frame store 320. The encoder further comprises a motion estimator 330, a
motion field coder 340 and a motion compensated predictor 350. Switches 302 and 314
are operated co-operatively by control manager 360 to switch the encoder between an
INTRA-mode of video encoding and an INTER-mode of video encoding. The encoder
300 also comprises a video multiplex coder 370 which forms a single bit-stream from the
various types of information produced by the encoder 300 for further transmission to a
remote receiving terminal or, for example, for storage on a mass storage medium, such as
a computer hard drive (not shown).

Encoder 300 operates as follows. Each frame of uncompressed video provided
from the video source to input 301 is received and processed macroblock-by-macroblock,
preferably in raster-scan order. When the encoding of a new video sequence starts, the
first frame of the sequence is encoded as an INTRA-coded frame. Subsequently, the
encoder is programmed to code each frame in INTER-coded format, unless one of the
following conditions is met: 1) it is judged that the current frame being coded is so
dissimilar from the reference frame used in its prediction that excessive prediction error
information is produced; 2) a predefined INTRA frame repetition interval has expired; or
3) feedback is received from a receiving terminal indicating a request for a frame to be
provided in INTRA-coded format.

The occurrence of condition 1) is detected by monitoring the output of the
combiner 316. The combiner 316 forms a difference between the current macroblock of
the frame being coded and its prediction, produced in the motion compensated prediction
block 350. If a measure of this difference (for example a sum of absolute differences of

pixel values) exceeds a predetermined threshold, the combiner 316 informs the control
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manager 360 via a control line 319 and the control manager 360 operates the switches
302 and 314 via control line 313 so as to switch the encoder 300 into INTRA-coding
mode. Occurrence of condition 2) is monitored by means of a timer or frame counter
implemented in the control manager 360, in such a way that if the timer expires, or the
frame counter reaches a predetermined number of frames, the control manager 360
operates the switches 302 and 314 via control line 313 to switch the encoder into INTRA-
coding mode. Condition 3) is triggered if the control manager 360 receives a feedback
signal from, for example, a receiving terminal, via control line 321 indicating that an
INTRA frame refresh is required by the receiving terminal. Such a condition may arise,
for example, if a previously transmitted frame is badly corrupted by interference during
its transmission, rendering it impossible to decode at the receiver. In this situation, the
receiving decoder issues a request for the next frame to be encoded in INTRA-coded
format, thus re-initialising the coding sequence.

Operation of the encoder 300 in INTRA-coding mode will now be described. In
INTRA-coding mode, the control manager 360 operates the switch 302 to accept video
input from input line 318. The video signal input is received macroblock by macroblock
from input 301 via the input line 318. As they are received, the blocks of luminance and
chrominance values which make up the macroblock are passed to the DCT transformation
block 304, which performs a 2-dimensional discrete cosine transform on each block of
values, producing a 2-dimensional array of DCT coefficients for each block. In a situation
such as that described earlier, where each macroblock comprises four 8x8 pixel blocks of
luminance values and two spatially corresponding 8x8 pixel blocks of chrominance
values, DCT transformation block 304 produces an 8x8 array of coefficient values for
each block.

The DCT coefficients for each block are passed to the quantizer 306, where they
are quantized using a quantization parameter QP. Selection of the quantization parameter
QP is controlled by the control manager 360 via control line 315. Quantization introduces
a loss of information, as the quantized coefficients have a lower numerical precision than
the coefficients originally generated by the DCT transformation block 304. This provides
a further mechanism by which the amount of data required to represent each image of the

video sequence can be reduced. However, unlike the DCT transformation, which is

7
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essentially lossless, the loss of information introduced by quantization causes an
irreversible degradation in image quality. The greater the degree of quantization applied
to the DCT coefficients, the greater the loss of image quality.

The quantized DCT coefficients for each block are passed from the quantizer 306
to the video multiplex coder 370, as indicated by line 325 in Figure 1. The video
multiplex coder 370 orders the transform coefficients for each block using a zigzag
scanning procedure. This operation converts the two-dimensional array of quantized
transform coefficients into a one-dimensional array. Typical zigzag scanning orders, such
as that shown in Figure 3, order the coefficients approximately in ascending order of
spatial frequency. This also tends to order the coefficients according to their values, such
that coefficients positioned earlier in the one-dimensional array are more likely to have
larger absolute values than coefficients positioned later in the array. This is because lower
spatial frequencies tend to have higher amplitudes within the image blocks.

Consequently, the last values in the one-dimensional array of quantized transform

coefficients are commonly zeros.

Run-Level Coding of DCT Transform Coefficients

Typically, the video multiplex coder 370 represents each non-zero quantized
coefficient in the one dimensional array by two values, referred to as level and run. Level
is the value of the quantized coefficient and run is the number of consecutive zero-valued
coefficients preceding the coefficient in question. The run and level values for a given
coefficient are ordered such that the /evel value precedes the associated run value. A level
value equal to zero is used to indicate that there are no more non-zero coefficient values

in the block. This 0-/evel value is referred to as an EOB (end-of-block) symbol.

Entropy Coding

The run and level values are further compressed in the video multiplex coder 370
using entropy coding. Entropy coding is a lossless operation, which exploits the fact that
symbols within a data set to be coded generally have different probabilities of occurrence.
Therefore, instead of using a fixed number of bits to represent each symbol, a variable

number of bits is assigned such that symbols which are more likely to occur are
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represented by code-words having fewer bits. For this reason, entropy coding is often
referred to as Variable Length Coding (VLC). Since certain values of levels and runs are
more likely than other values to occur, entropy coding techniques can be used effectively
to reduce the number of bits required to represent the run and level values. A number of
different methods can be used to implement entropy coding. For example, entropy coding
of the run and level parameters may be implemented by means of look-up tables which
define the mapping between each possible symbol in the data set to be coded and its
corresponding variable length code. Such look-up tables are often defined by statistical
analysis of training material comprising symbols identical to those to be coded and
having similar statistical properties. An alternative technique, known as arithmetic
coding, can also be used to convert the run and level values into variable length code-
words. In arithmetic coding a group of symbols, for example the run and level values for
a block of quantized transform coefficients, are coded as a floating point decimal number.

Once the run and level values have been entropy coded using an appropriate
method, the video multiplex coder further combines them with control information, also
entropy coded using a variable length coding method appropriate for the kind of
information in question, to form a single compressed bit-stream of coded image
information 335.

A locally decoded version of the macroblock is also formed in the encoder 300.
This is done by passing the quantized transform coefficients for each block, output by
quantizer 306, through inverse quantizer 308 and applying an inverse DCT transform in
inverse transformation block 310. In this way a reconstructed array of pixel values is
constructed for each block of the macroblock. The resulting decoded image data is input
to combiner 312. In INTRA-coding mode, switch 314 is set so that the input to the
combiner 312 via switch 314 is zero. In this way, the operation performed by combiner
312 is equivalent to passing the decoded image data unaltered.

As subsequent macroblocks of the current frame are received and undergo the
previously described encoding and decoding steps in blocks 304, 306, 308, 310 and 312, a
decoded version of the INTRA-coded frame is built up in frame store 320. When the last
macroblock of the current frame has been INTRA-coded and subsequently decoded, the

9
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frame store 320 contains a completely decoded frame, available for use as a prediction
reference frame in coding a subsequently received video frame in INTER-coded format.
Operation of the encoder 300 in INTER-coding mode will now be described. In
INTER-coding mode, the control manager 360 operates switch 302 to receive its input
from line 317, which comprises the output of combiner 316. The combiner 316 receives
the video input signal macroblock by macroblock from input 301. As combiner 316
receives the blocks of luminance and chrominance values which make up the macroblock,
it forms corresponding blocks of prediction error information. The prediction error
information represents the difference between the block in question and its prediction,
produced in the motion compensated prediction block 350. More specifically, the
prediction error information for each block of the macroblock comprises a two-
dimensional array of values, each of which represents the difference between a pixel
value in the block of luminance or chrominance information being coded and a decoded
pixel value obtained by forming a motion-compensated prediction for the block,
according to the procedure described below. Thus, in a situation where each macroblock
comprises four 8x8 pixel blocks of luminance values and two spatially corresponding 8x8
pixel blocks of chrominance values, the prediction error information for the macroblock
similarly comprises four 8x8 blocks of luminance prediction error values and two
spatially corresponding 8x8 blocks of chrominance prediction error values.
The prediction error information for each block of the macroblock is passed to
DCT transformation block 304, which performs a two-dimensional discrete cosine
transform on each block of prediction error values to produce a two-dimensional array of
DCT transform coefficients for each block. Thus, in a situation where the prediction error
information for each macroblock comprises four 8x8 blocks of luminance prediction error
values and two spatially corresponding 8x8 blocks of chrominance prediction error
values, DCT transformation block 304 produces an 8x8 array of transform coefficient
values for each prediction error block. The transform coefficients for each prediction
error block are passed to quantizer 306 where they are quantized using a quantization
parameter QP, in a manner analogous to that described above in connection with
operation of the encoder in INTRA-coding mode. Again, selection of the quantization

parameter QP is controlled by the control manager 360 via control line 315.
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The quantized DCT coefficients representing the prediction error information for
each block of the macroblock are passed from quantizer 306 to video multiplex coder
370, as indicated by line 325 in Figure 1. As in INTRA-coding mode, the video multiplex
coder 370 orders the transform coefficients for each prediction error block using the
previously described zigzag scanning procedure (see Figure 3) and then represents each
non-zero quantized coefficient as a level and a run value. It further compresses the run
and /evel values using entropy coding, in a manner analogous to that described above in
connection with INTRA-coding mode. Video multiplex coder 370 also receives motion
vector information (described in the following) from motion field coding block 340 via
line 326 and control information from control manager 360. It entropy codes the motion
vector information and forms a single bit-stream of coded image information, 335
comprising the entropy coded motion vector, prediction error and control information.
The quantized DCT coefficients representing the prediction error information for
each block of the macroblock are also passed from quantizer 306 to inverse quantizer
308. Here they are inverse quantized and the resulting blocks of inverse quantized DCT
coefficients are applied to inverse DCT transform block 310, where they undergo inverse
DCT transformation to produce locally decoded blocks of prediction error values. The
locally decoded blocks of prediction error values are then input to combiner 312. In
INTER-coding mode, switch 314 is set so that the combiner 312 also receives predicted
pixel values for each block of the macroblock, generated by motion-compensated
prediction block 350. The combiner 312 combines each of the locally decoded blocks of
prediction error values with a corresponding block of predicted pixel values to produce
reconstructed image blocks and stores them in frame store 320.
As subsequent macroblocks of the video signal are received from the video source
and undergo the previously described encoding and decoding steps in blocks 304, 306,
308, 310, 312, a decoded version of the INTER-coded frame is built up in frame store
320. When the last macroblock of the frame has been INTER-coded and subsequently
decoded, the frame store 320 contains a completely decoded frame, available for use as a
prediction reference frame in encoding a subsequently received video frame in INTER-

coded format.
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Formation of a prediction for a macroblock of the current frame will now be
described. Any frame encoded in INTER-coded format requires a reference frame for
motion-compensated prediction. This means, necessarily, that when encoding a video
sequence, the first frame to be encoded, whether it is the first frame in the sequence, or
some other frame, must be encoded in INTRA-coded format. This, in turn, means that
when the video encoder 300 is switched into INTER-coding mode by control manager
360, a complete reference frame, formed by locally decoding a previously encoded frame,
is already available in the frame store 320 of the encoder. In general, the reference frame
is formed by locally decoding either an INTRA-coded frame or an INTER-coded frame.

The first step in forming a prediction for a macroblock of the current frame is
performed by motion estimation block 330. The motion estimation block 330 receives the
blocks of luminance and chrominance values which make up the current macroblock of
the frame to be coded via line 328. It then performs a block matching operation in order
to identify a region in the reference frame which corresponds substantially with the
current macroblock. In order to perform the block matching operation, motion field
estimation block accesses reference frame data stored in frame store 320 via line 327.
More specifically, motion estimation block 330 performs block-matching by calculating
difference values (e.g. sums of absolute differences) representing the difference in pixel
values between the macroblock under examination and candidate best-matching regions
of pixels from a reference frame stored in the frame store 320. A difference value is
produced for candidate regions at all possible offsets within a predefined search region of
the reference frame and motion estimation block 330 determines the smallest calculated
difference value. The offset between the macroblock in the current frame and the
candidate block of pixel values in the reference frame that yields the smallest difference
value defines the motion vector for the macroblock in question.

Once the motion estimation block 330 has produced a motion vector for the
macroblock, it outputs the motion vector to the motion field coding block 340. The
motion field coding block 340 approximates the motion vector received from motion
estimation block 330 using a motion model comprising a set of basis functions and
motion coefficients. More specifically, the motion field coding block 340 represents the

motion vector as a set of motion coefficient values which, when multiplied by the basis
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functions, form an approximation of the motion vector. Typically, a translational motion
model having only two motion coefficients and basis functions is used.

The motion coefficients are passed from motion field coding block 340 to motion
compensated prediction block 350. Motion compensated prediction block 350 also
receives the best-matching candidate region of pixel values identified by motion
estimation block 330 from frame store 320. Using the approximate representation of the
motion vector generated by motion field coding block 340 and the pixel values of the
best-matching candidate region of pixels from the reference frame, motion compensated
prediction block 350 generates an array of predicted pixel values for each block of the
macroblock. Each block of predicted pixel values is passed to combiner 316 where the
predicted pixel values are subtracted from the actual (input) pixel values in the
corresponding block of the current macroblock. In this way a set of prediction error
blocks for the macroblock is obtained.

Operation of the video decoder 400, shown in Figure 2 will now be described. The
decoder 400 comprises a video multiplex decoder 410, which receives an encoded video
bit-stream 335 from the encoder 300 and demultiplexes it into its constituent parts, an
inverse quantizer 420, an inverse DCT transformer 430, a motion compensated prediction
block 440, a frame store 450, a combiner 460, a control manager 470, and an output 480.

The control manager 470 controls the operation of the decoder 400 in response to
whether an INTRA- or an INTER-coded frame is being decoded. An INTRA / INTER
trigger control signal, which causes the decoder to switch between decoding modes is
derived, for example, from picture type information provided in a header portion of each
compressed video frame received from the encoder. The INTRA / INTER trigger control
signal is extracted from the encoded video bit-stream by the video multiplex decoder 410
and is passed to control manager 470 via control line 415.

Decoding of an INTRA-coded frame is performed on a macroblock-by-
macroblock basis, each macroblock being decoded substantially as soon as encoded
information relating to it is identified in the received video bit-stream 335. The video
multiplex decoder 410 first separates the encoded information for the blocks of the
macroblock from possible control information relating to the macroblock in question. The

encoded information for each block of an INTRA-coded macroblock comprises variable
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length code-words. These code-words represent the entropy coded level and run values
for the non-zero quantized DCT coefficients of the block. The video multiplex decoder
410 decodes the variable length code-words using a variable length decoding method
corresponding to the encoding method used in the encoder 300 and thereby recovers the
level and run values. It then reconstructs the array of quantized transform coefficient
values for each block of the macroblock and passes them to inverse quantizer 420. Any
control information relating to the macroblock is also decoded in the video multiplex
decoder using an appropriate variable length decoding method and is passed to control
manager 470. In particular, information relating to the level of quantization applied to the
transform coefficients is extracted from the encoded bit-stream by video multiplex
decoder 410 and provided to control manager 470 via control line 324. The control
manager, in turn, conveys this information to inverse quantizer 420 via control line 415.
Inverse quantizer 410 inverse quantizes the quantized DCT coefficients for each block of
the macroblock according to the control information and provides the now inverse
quantized DCT coefficients inverse DCT transformer 430.

Inverse DCT transformer performs an inverse DCT transform on the inverse
quantized DCT coefficients for each block of the macroblock to form a decoded block of
image information comprising reconstructed pixel values. As motion-compensated
prediction is not used in the encoding/decoding of INTRA-coded macroblocks, control
manager 470 controls combiner 460 in such a way as to prevent any reference
information being used in the decoding of the INTRA-coded macroblock. The
reconstructed pixel values for each block of the macroblock are passed to the video output
480 of the decoder where, for example, they can be provided to a display device (not
shown). The reconstructed pixel values for each block of the macroblock are also stored
in frame store 450. As subsequent macroblocks of the INTRA-coded frame are decoded
and stored, a decoded frame is progressively assembled in the frame store 450 and thus
becomes available for use as a reference frame for motion compensated prediction in
connection with the decoding of subsequently received INTER-coded frames.

INTER-coded frames are also decoded macroblock by macroblock, each INTER-
coded macroblock being decoded substantially as soon as encoded information relating to

it is identified in the received bit-stream. The video multiplex decoder K810 separates the
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encoded prediction error information for each block of the INTER-coded macroblock
from encoded motion vector information and possible control information relating to the
macroblock in question. As explained in the foregoing, the encoded prediction error
information for each block of the macroblock comprises variable length codewords which
represent the entropy coded /evel and run values for the non-zero quantized transform
coefficients for the prediction error block in question. The video multiplex decoder 410
decodes the variable length code-words using a variable length decoding method
corresponding to the encoding method used in the encoder 300 and thereby recovers the
level and run values. It then reconstructs an array of quantized transform coefficient
values for each prediction error block and passes them to inverse quantizer 420. Control
information relating to the INTER-coded macroblock is also decoded in the video
multiplex decoder using an appropriate variable length decoding method and is passed to
control manager 470. Information relating to the level of quantization applied to the
transform coefficients of the prediction error blocks is extracted from the encoded bit-
stream and provided to control manager 470 via control line 324. The control manager, in
turn, conveys this information to inverse quantizer 420 via control line 415. Inverse
quantizer 410 inverse quantizes the quantized DCT coefficients representing the
prediction error information for each block of the macroblock according to the control
information and provides the now inverse quantized DCT coefficients to inverse DCT
transformer 430. The inverse quantized DCT coefficients representing the prediction error
information for each block are then inverse transformed in the inverse DCT transformer
430 to yield an array of reconstructed prediction error values for each block of the
macroblock.

The encoded motion vector information associated with the macroblock is
extracted from the encoded video bit-stream 335 by video multiplex decoder 410 and is
decoded using an appropriate variable length decoding method. The decoded motion
vector information thus obtained is passed to motion compensated prediction block 440,
which reconstructs a motion vector for the macroblock using the same motion model as
that used to encode the INTER-coded macroblock in encoder 300. The reconstructed
motion vector approximates the motion vector originally determined by motion

estimation block 330 of the encoder. The motion compensated prediction block 440 of the
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decoder uses the reconstructed motion vector to identify the location of a region of
reconstructed pixels in a prediction reference frame stored in frame store 450. The
reference frame may be, for example, a previously decoded INTRA-coded frame, or a
previously decoded INTER-coded frame. In either case, the region of pixels indicated by
the reconstructed motion vector is used to form a prediction for the macroblock in
question. More specifically, the motion compensated prediction block 440 forms an array
of pixel values for each block of the macroblock by copying corresponding pixel values
from the region of pixels identified in the reference frame. The prediction, that is the
blocks of pixel values derived from the reference frame, are passed from motion
compensated prediction block 440 to combiner 460 where they are combined with the
decoded prediction error information. In practice, the pixel values of each predicted block
are added to corresponding reconstructed prediction error values output by inverse DCT
transformer 430. In this way an array of reconstructed pixel values for each block of the
macroblock is obtained. The reconstructed pixel values are passed to the video output 480
of the decoder and are also stored in frame store 450. As subsequent macroblocks of the
INTER-coded frame are decoded and stored, a decoded frame is progressively assembled
in the frame store 450 and thus becomes available for use as a reference frame for

motion-compensated prediction of other INTER-coded frames.

H.26L Video Coding Standard

ITU-T recommendation H.26L is the latest in a family of video coding standards
developed by the International Telecommunications Union. It is intended in particular for
video coding at very low bit rates, typically below 64kbits/s, which makes it especially
suitable for the coding of digital video for transmission via radio communication
networks or any fixed line communication network in which optimal use of available
bandwidth is a priority. The video encoding system defined by ITU-T H.26L is a hybrid
video coding system, which operates according to the general principles described above
in connection with the generic video encoder 300 and decoder K800 illustrated in Figures
1 and 2. In particular, a video encoding system implemented according to H.26L employs
a combination of block-based transform coding and motion-compensated prediction to

reduce the spatial and temporal redundancy within video sequences.
16

Page 28 of 116



20

25

30

PATENT
944-001.062

The latest version of the H.26L recommendation, known as Test Model 8 (TMLS)
and described in “H.26L Test Model Long Term Number 8 (TML-8) draft0” (ITU-T
Telecommunications Standardization Section, Study Group 16, Video Coding Experts
Group), specifies two alternative entropy coding modes. In the first (default) mode a so-
called Universal Variable Length Coding (UVLC) method is used to encode all syntax
elements. The UVLC coding mode is a look-up table method in which the same set of
variable length code-words is used to represent all the different kinds of information
produced by the video encoder, regardless of the type of information in question. The
alternative entropy coding method, specified for use in the so-called "high complexity
profile of H.26L, is a technique known as Context-based Adaptive Binary Arithmetic
Coding (CABAC). This is a form of binary arithmetic coding which continually adapts to
the statistical properties of the information being coded and is known in the art to be one
of the most efficient forms of entropy coding (see H. Witten, R. M. Neal, and J. G.
Cleary, “Arithmetic coding for data compression,” Commun. ACM, vol. 30, pp. 520-540,
June 1987).

Because UVLC entropy coding uses the same set of variable length code-words to
represent all types of information produced by the video encoder, in general the statistical
properties of the code-words do not match optimally with the characteristics of the
information to be encoded. For example, the frequency of occurrence of particular run
and /evel values used to represent the quantized DCT coefficients for an INTRA-coded
image block is likely to be different from the occurrence of values in control information
relating to quantization parameter values. The CABAC entropy coding method was
introduced into the H.26L. recommendation in order to overcome the inherently sub-
optimal nature of the UVLC entropy coding method. As explained earlier in the text,
arithmetic coding represents a group of symbols to be coded with a single variable length
code (a floating-point number). This provides particular advantages compared with
entropy coding methods, which encode each symbol independently. Specifically, entropy
coding methods which encode each symbol independently require at least one bit to
represent each symbol. Because arithmetic coding represents groups of symbols with a
single code-word, it is possible to achieve data compression rates of less than one bit per

symbol. Thus the CABAC method provided in H.26L also provides the possibility of
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improved data compression. Furthermore, because it is an adaptive method, it is also able
to take into account changes in the statistical characteristics of the information being
coded, ensuring that data compression performance is maintained even if the nature of the

data being encoded changes to some extent.

Context-Based Arithmetic Coding

As explained above, CABAC arithmetic coding is an entropy coding method,
which is able to adapt to changing statistics of the information to be encoded. In this way
it is capable of providing improved compression efficiency compared with entropy
coding techniques which assume fixed statistical properties. Figure 4 illustrates an
exemplary context-based binary arithmetic encoder 700. CABAC is a binary arithmetic
coding method and thus data symbols to be coded which have non-binary values are first
converted to binary values (‘binarized') in binary mapping block 710. The binarization
process involves mapping a symbol to be coded to a sequence of bins, each of which has
a corresponding bin number and can be assigned a value of either 0 or 1. An example of
such a mapping is given below in Table 1. In principle other binarization schemes can be

envisaged.

&
W W—
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Table 1

In the CABAC method each of the bins is assigned to a so-called 'context’ (hence

the name context-based arithmetic coding). A context can be thought of as grouping
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together bins, which have similar statistical characteristics. In other words, each bin
assigned to a particular context is assumed to have a similar probability of containing the
value 1 or O as the other bins belonging to that context. In this way, the probability
estimates used to generate code-words in the arithmetic coder are defined for each context
5 rather than for each possible bin to be encoded. Each context is defined according to a
'context model’, established in advance and based on information about the statistical
characteristics of the data symbols (and thus the bins) to be encoded. Generally, the data
compression ratio achieved by a binary arithmetic encoder is enhanced if the difference

between the probability of occurrence of a 0 and probability of occurrence of a 1 is

maximised. In a similar way, the performance of a context-based arithmetic coding also
depends on the choice of context model. This means that, in general, context models
should be chosen so as to maximise the difference between the probability of occurrence
of 0's and 1's for the bins assigned to each context.

In the exemplary context-based arithmetic coder illustrated in Figure 4, once a

symbol to be coded has been binarized in binary mapping block 710 it is assigned to a

= corresponding context in context assignment block 720. The value assigned to the
corresponding bin (i.e., 1 or 0) is then passed to the arithmetic coder 730. The coding
engine 750 of arithmetic coder 730 then encodes the bin value using a probability
estimate for the context to which the bin is assigned. The performance, that is the data

20 compression ratio achieved by the arithmetic encoder, depends on the accuracy of the
probability estimates. In principle, the estimates may be fixed or adaptive. If fixed
probability estimates are used, the probability estimates for each context are assigned to
predefined values and remain unchanged during the encoding process. Fixed probability
estimates are typically obtained in advance by analysing training material having

25 statistical properties similar to those of the actual data to be encoded. If adaptive
probability estimates are used, fixed values are used to initialise the probability estimates
for each context and the probabilities are then updated throughout the encoding process
based on the actual statistical properties of the data (bins) encoded so far. Adaptive

probability estimates generally perform better since they can adjust to the material being

30 encoded.
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The exemplary context-based arithmetic coder illustrated in Figure 4 employs
adaptive probability estimates and comprises a probability estimation block 740 where
updated probability estimates are calculated. The probability estimates for each context
are updated by keeping a record of the number of occurrences of 1 and 0 for each of the
bins assigned to each context. For example, if the bins assigned to an arbitrary context k
have been assigned the value 0 m times and the value / n times, then the probability
estimate for / in context & is n/(n(m+1)) and the probability estimate for 0 is
(m+1)/(m(m+1)).

Figure 5 illustrates a context-based arithmetic decoder 800 corresponding to the
encoder described in connection with Figure 4. A bit-stream representing arithmetic
coded data symbols is received by the context-based arithmetic decoder at input 810.
Initially, based on the previously decoded symbols, a context is calculated in a context
assignment block 850 and the probability estimates of the bin values are updated.

Context assignment, as carried out in the context assignment block 850, and calculation
of probability estimates, as carried out in the probability estimation block 830, are done in
the same manner as the encoder. The received bits are then fed into an arithmetic
decoding engine 840 of the arithmetic decoder 820, where they are converted to decoded
bin values, using the calculated context and the current probability estimates of the bin
values. Decoded bins are mapped to the values of the runs and /evels in a bin-to-value

mapping block 860.

CABAC Method as Used in H.26L
The details of the CABAC arithmetic coding method adopted for use in the high

complexity profile of ITU-T recommendation H.26L will now be described in detail.
According to H.26L TMLS, the contexts for run and level values depend on the type of
block being encoded and the bin number of the binarized level or run value. Different
block types are defined according to the scanning mode (single/double) used to order the
coefficient values, the component type (luminance/chrominance, AC/DC), or the coding
mode (INTER/INTRA). However, for a given block type, the context depends only on the
bin number. More specifically, according to H.26L. TMLS four contexts are defined for

level encoding. The first one is for the first bin, the second is for the second bin, while the
20
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third context is for the rest of the bins representing the magnitude of the level. The
remaining context is used for the sign of the /evel. A similar approach is used to assign
run values to contexts. For runs there are three contexts, the first one for the first bin, the
second for the second bin and the third for all remaining bins. As run values are always
equal to or greater than zero, there is no need for an additional context to represent sign
information. Thus, for a block of a given type, the assignment of bins to contexts for
transform coefficient bins (for both level and run encoding) can be summarised as

follows:

if (bin_nr > MAX BIN VAL)
bin_nr = MAX BIN VAL; (1)
end

context = bin_nr

where bin_nr is the bin number and confext is the context number. According to H.26L
TMLS, the value of MAX BIN VAL is set equal to 3, but in principle another
MAX BIN VAL could be used instead.

A run-level pair is encoded as follows: The runs and levels are first classified
according to block / coefficient type: scanning mode, coefficient type (DC/AC), and
coding mode (INTER/INTRA or 16x16 INTRA). The /evels and runs are then binarized
by mapping them onto a sequence of bins and each bin is assigned to a context based on
its bin number.

Figures 6a-6d illustrate this process in detail with reference to an exemplary 4x4
array of quantized DCT coefficients. It also demonstrates the adaptive nature of the
CABAC method, by illustrating the way in which the statistical properties of run and
level values for quantized DCT coefficients are tracked. The two-dimensional array of
quantized DCT coefficient values is first zigzag scanned to produce a one-dimensional
array of values, as indicated in Figure 6a. The non-zero coefficient values in the one-
dimensional array are then represented as pairs of 7un and level values. As previously
explained, each /evel value represents the value of a non-zero quantized DCT coefficient,

while the associated run value corresponds to the number of zero-valued coefficients
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preceding the coefficient in question. The run- level pairs derived from the exemplary
array of quantized DCT coefficients are presented in Figure 6b. In each pair the level
value precedes the associated 7un value and a level value equal to zero is used as an end-
of-block symbol to indicate that there are no more non-zero coefficient values in the
block.

Next, each run and level value is converted into a binary value. According to
H.26L TMLS, the binarization scheme used to convert the rurn and level values for
quantized DCT transform coefficient values is identical to that shown above in Table 1.
Figure 6¢ shows the result of applying the binarization scheme presented in Table 1 to the
run and level values in the exemplary array. Figure 6¢ also shows the assignment of bins
to contexts according to H.26L. As described above, only three contexts are used to
describe the magnitudes of the run and /evel values. The first context corresponds to bin
1, the second to bin 2, while the third context comprises all the remaining bins. In Figure
6¢, the contexts are delineated by bold horizontal lines. By examining Figure 6¢ it can be
seen that the majority of level values are mapped to bins which are assigned to context 3,
while the majority of 7un values are mapped to bins which are assigned to context 1.

The probability estimates for each assigned context are updated after the encoding
of the bins. Probability estimates for the run and level contexts are updated
independently. As previously described, the probability estimate for a given context
represents the statistical characteristics of the bins assigned to the context in question.
More specifically, the probability estimate describes the likelihood of a bin assigned to
the context containing a 1 or a 0. Figure 6d describes, in an exemplary manner, the way in
which the probability estimates are updated for runs and levels. The figure illustrates the
probability of a bin assigned to a given run or level context containing a 1 or a 0 before
and after the runs and levels representing the 4x4 block of quantized DCT coefficients
shown in Figure 6a are binarized and assigned to contexts and encoded in the arithmetic
encoder. Figure 6d takes the form of a table, which records the occurrence of 1's and 0's
in the bins assigned to each context. Thus, the probability estimate for a given context is

given by:
probability of 0 = no. of 0's / (no. of 0's + no. of 1's)
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probability of 1 =no. of 1's / (no. of 0's + no. of 1's)

In the figure it is assumed that the 4x4 block of quantized DCT coefficients shown in
Figure 6a is the first such block to be processed. This means that there are no previous
occurrences of 1's and 0's to record in the table. To overcome this problem it is assumed
that before the block is processed, each context has an equal probability of containing a 1
or a 0. This 1s indicated by entering identical values in the columns that record the
occurrence of 0's and 1's. In Figure 6d, 1's are used to initialize the probability estimate.
Alternatively, a probability estimate derived from analysis of training data could be used
to intialize the probability estimates for each context. The probability estimates are then
updated by counting the number of 1's and 0's which occur in the bins of each context as
the run and level values for the block of quantized DCT transform coefficients are
binarized and assigned to contexts. The right-hand column of Figure 6d shows
the situation after processing the 4x4 block of quantized DCT shown in Figure 6a.
Although the CABAC arithmetic encoding method adopted in the high complexity
profile of ITU-T recommendation H.26L TMLS8 provides an improvement in data
compression compared with the UVLC entropy coding method, it is still not optimal with
regard to coding efficiency. It is therefore an object of the invention to provide a method
and system for context-based arithmetic coding, wherein coding efficiency is further

improved.

SUMMARY OF THE INVENTION

The present invention is based on the realization that when coding a given data

symbol using context-based arithmetic coding, an improvement in coding efficiency can
be achieved by using context models which take into account the contexts to which other
data symbols are assigned. With specific reference to the CABAC method used in the
high complexity profile of H.26L. TML3, the inventors of the present invention have
determined that certain relationships exist between the run and level values associated
with DCT transform coefficients. They have further determined that these relationships
can be used to construct improved context models which enable the CABAC method to

operate with improved coding efficiency when applied to the run and level values. In
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particular, the inventors have determined that consecutive level values exhibit a
significant similarity. More specifically, within a given block of transform coefficients,
the level of a coefficient to be encoded has, in general, a magnitude substantially similar
to the level of the previously encoded coefficient. The inventors have also determined an
inverse relationship between the level and run values. In particular, larger /evel values are
more likely to be preceded by smaller run values. The converse is also true, namely
smaller Jevel values are likely to be preceded by larger runs. Consequently, the present
invention proposes the creation of new context models for the coding of DCT transform
coefficients, which take into account these relationships between level and run values.

In a first such context model, intended for implementation in a context-based
arithmetic encoder, the context assigned to the bins of a binarized coefficient level value
depends on the previously encoded coefficient /evel. In a second such context model,
intended for implementation in a context-based arithmetic decoder, the context assigned
to the bins of a binarized coefficient level value depends on the previously decoded
coefficient level. In a third context model, implemented in either a context-based
arithmetic encoder or a context-based arithmetic decoder, the context assigned to the bins
of a binarized coefficient run value depends on the coefficient's level value.

The inventors have also determined that certain similarities exist between the
transform coefficient values associated with different image blocks. These similarities
are greater between image blocks which reside close to each other and tend to be
strongest between immediately neighbouring image blocks. More specifically, the
number N, of non-zero transform coefficient values representing a particular image block
tends to be similar to the number of non-zero transform coefficient values in an image
block close to, or neighbouring, the image block in question. Thus, the present invention
further introduces the concept of providing an indication of the number of non-zero
transform coefficients for a transform coded image block and encoding this value using
entropy coding. Furthermore, if context-based arithmetic coding is used to encode the N
value, the inventors have determined that it is advantageous to assign the N, value of a
block to a context by taking into account the context assigned to the N, value for at least
one other transform coded image block. In this way the similarity between N, values

between image blocks which reside close to each other can be taken advantage of in the
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context-based arithmetic coding procedure. According to ITU-T recommendation H.26L
TMLS, the number of non-zero transform coefficients in an image block is not encoded.
Instead, and as previously explained, an end-of-block (EOB) indication is provided. The
EOB indication signals that the last run-level pair corresponding to a non-zero coefficient
has been encoded. The inventors have determined that the proposed method, in which an
explicit indication of the number of non-zero coefficients in a block is provided and
coded using context-based arithmetic coding leads to an increase in the coding efficiency
compared with the method of providing an EOB indication as currently employed in
H.261. TMLS.

Although the motivation behind the present invention and its basic concepts have
been presented in the context of video encoding/decoding and more specifically with
respect to H.26L TMLS, it should be appreciated that invention may be applied in other
video coding systems and also to still image coding. In principle the invention can be
applied in any image coding system in which block-based transform coding and context-
based arithmetic coding are used.

According to a first aspect of the present invention there is provided a method of
image coding, wherein an image is divided in an encoder into a plurality of blocks having
a plurality of pixels, each pixel having a pixel value, and a transform coding operation is
performed on a block of pixel values to produce a corresponding block of transform
coefficient values. The block of transform coefficient values is scanned in a given
scanning order to produce a scanned array of coefficient values arranged according to the
scanning order wherein the coefficient values in the scanned array are represented by a
plurality of number pairs, each having a first number indicative of a non-zero coefficient
value and a second number indicative of a number of consecutive zero coefficient values
preceding the non-zero coefficient value, and wherein the first and the second number are
each assigned to one of a plurality of contexts indicative of the number pairs. The method
comprises the step of assigning a further value to a context based on a third number
indicative of a preceding value.

Preferably, the further value is the first number in one of the number and the

preceding value is the first number of a preceding number pair.
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Preferably, the step of assigning the first number in one of the number pairs to a
context based on a third number indicative of the first number of a preceding number pair
further takes into account the context to which the first number of the number pair is
assigned.

Advantageously, the first number is equal to the magnitude of a non-zero
coefficient value.

Preferably, the contexts are contexts of a context-based arithmetic coder.

Even more preferably, the contexts are contexts of a context-based binary
arithmetic coder.

Advantageously, each of the first, second and third numbers is mapped to a set of
bins, each of the bins having an associated bin number and being capable of taking one of
either a first value or a second value.

Preferably, each of the first, second and third numbers is mapped to one of the set
of bins, mapping of a number to a given one of the set of bins being indicated by
assigning the value of the bin to the first value.

Preferably the first value is 1 and the second value is 0.

Preferably each of the set of bins is assigned to a context.

Advantageously, the step of assigning the first number in one of the number pairs
to a context based on a third number indicative of the first number of a preceding number
pair further taking into account the context to which the first number in the preceding
number pair is assigned is implemented by examining the bin number of the bin to which
the first number of the preceding number pair is mapped.

Advantageously, the method further comprises maintaining a probability estimate
describing the statistical properties of each context.

Preferably, for each context, the probability estimate is indicative of the statistical
likelihood of a number having a predetermined value being assigned to the context.

Preferably, for each context, the probability estimate is maintained by keeping a
record of occurrences of the first value and the second value in the bins assigned to the
context in question.

According to a second aspect of the present invention there is provided a method

of image coding, wherein an image is divided in an encoder into a plurality of blocks
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having a plurality of pixels, each pixel having a pixel value, and a transform coding
operation is performed on a block of pixel values to produce a corresponding block of
transform coefficient values. The block of transform coefficient values is scanned in a
given scanning order to produce a scanned array of coefficient values arranged according
to the scanning order wherein the coefficient values in the scanned array are represented
by (converted into) a plurality of number pairs, each having a first number indicative of a
non-zero coefficient value and a second number indicative of a number of consecutive
zero coefficient values preceding the non-zero coefficient value, and wherein the first and
the second number are each assigned to one of a plurality of contexts indicative of the
number pairs. The method comprises the step of assigning the second number in one of
the number pairs to a context based on the first number of the number pair.

Preferably, the step of assigning the second number in one of the number pairs to
a context based on the first number of the number pair further takes into account the
context to which the second number in the one of the number pairs is assigned.

Advantageously, the first number is equal to the magnitude of a non-zero
coefficient value.

Preferably, the contexts are contexts of a context-based arithmetic coder.

Even more preferably, the contexts are contexts of a context-based binary
arithmetic coder.

Advantageously, each of the first and second numbers is mapped to a set of bins,
each of the bins having an associated bin number and being capable of taking one of
either a first value or a second value

Preferably, each of the first and second numbers is mapped to one of the set of
bins, mapping of a number to a given one of the set of bins being indicated by assigning
the value of the bin to the first value.

Preferably the first value is 1 and the second value is 0.

Preferably each of the set of bins is assigned to a context.

Advantageously, the step of assigning the second number in one of the number
pairs to a context based on the first number of the number pair further taking into account

the context to which the second number in the one of the number pairs is assigned is
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implemented by examining the bin number of the bin to which the second number is
mapped.

Advantageously, the method further comprises maintaining a probability estimate
describing the statistical properties of each context.

Preferably, for each context, the probability estimate is indicative of the statistical
likelihood of a number having a predetermined value being assigned to the context.

Preferably, for each context, the probability estimate is maintained by keeping a
record of occurrences of the first value and the second value in the bins assigned to the
context in question.

Preferably, the methods according to the first and the second aspect of the
invention are both applied to a block of transform coefficient values.

According to a third aspect of the present invention there is provided a system for
image coding, wherein an image is divided in an encoder into a plurality of blocks having
a plurality of pixels, each pixel having a pixel value, and a transform coding operation is
performed on a block of pixels to produce a corresponding block of transform coefficient
values. The block of transform coefficient values is scanned in a given scanning order to
produce a scanned array of coefficient values arranged according to the scanning order
wherein the coefficient values in the scanned array are represented by a plurality of
number pairs, each having a first number indicative of a non-zero coefficient value and a
second number indicative of a number of consecutive zero coefficient values preceding
the non-zero coefficient value, and wherein the first and the second number are each
assigned to one of a plurality of contexts indicative of the number pairs. The system
comprises a mechanism, located in the encoder, for assigning the first number in one of
the number pairs to a context based on a third number indicative of the first number of a
preceding number pair.

According to a fourth aspect of the present invention there is provided a system
for image coding, wherein an image is divided in an encoder into a plurality of blocks
having a plurality of pixels, each pixel having a pixel value, and a transform coding
operation is performed on a block of pixels to produce a corresponding block of transform
coefficient values. The block of transform coefficient values is scanned in a given

scanning order to produce a scanned array of coefficient values arranged according to the
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scanning order wherein the coefficient values in the scanned array are represented by a
plurality of number pairs, each having a first number indicative of a non-zero coefficient
value and a second number indicative of a number of consecutive zero coefficient values
preceding the non-zero coefficient value, and wherein the first and the second number are
each assigned to one of a plurality of contexts indicative of the number pairs. The system
comprises a mechanism, located in the encoder, for assigning the second number in one
of the number pairs to a context based on the first number of the number pair.

According to a fifth aspect of the present invention there is provided a method of
image coding, wherein an image is divided in an encoder into a plurality of blocks having
a plurality of pixels, each pixel having a pixel value, and a transform coding operation is
performed on a block of pixels to produce a corresponding block of transform coefficient
values. The method comprises the step of providing a number indicative of the number of
non-zero coefficient values in the block of transform coefficient values and assigning the
number to a context.

Advantageously, the step of assigning the number indicative of the number of
non-zero transform coefficient values in the block of transform coefficient values takes
into account the context to which another such number indicative of the number of non-
zero transform coefficient values in another block of transform coefficient is assigned.

Advantageously, the block of transform values is scanned in a given scanning
order to produce a scanned array of coefficient values arranged according to the scanning
order wherein the coefficient values in the scanned array are represented by a plurality of
number pairs, each having a first number indicative of a non-zero coefficient value and a
second number indicative of the number of consecutive zero coefficient values preceding
the non-zero coefficient value.

Preferably, an end-of-block indication, indicative of the last non-zero coefficient
value in the scanned array of coefficient values is not provided.

Preferably, the first number is equal to the magnitude of a non-zero coefficient
value minus 1.

Preferably, the methods according to the first, second and fifth aspects of the

invention are each applied to a block of transform coefficient values.
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According to a sixth aspect of the present invention there is provided a system for
image coding, wherein an image is divided in an encoder into a plurality of blocks having
a plurality of pixels, each pixel having a pixel value, and a transform coding operation is
performed on each block of pixels to produce a corresponding block of transform
5 coefficient values. The system comprises a mechanism, located in the encoder and
responsive to the coefficient values, for providing a third number indicative of the number
of non-zero coefficient values in the block of transform coefficient values and assigning
the number to a context.

Advantageously, the system further comprises a mechanism for assigning the
number indicative of the number of non-zero transform coefficient values in the block of
transform coefficient values taking into account the context to which another such
number indicative of the number of non-zero transform coefficient values in another
block of transform coefficient is assigned.

According to a seventh aspect of the present invention there is provided a
computer program comprising code for performing a method of image coding, in which

an image is divided into a plurality of blocks having a plurality of pixels, each pixel

having a pixel value, and a transform coding operation is performed on a block of pixel
values to produce a corresponding block of transform coefficient values. The computer
program also comprises code for scanning the block of transform coefficient values in a
20 given scanning order to produce a scanned array of coefficient values arranged according
to the scanning order wherein the coefficient values in the scanned array are represented
by a plurality of number pairs, each having a first number indicative of a non-zero
coefficient value and a second number indicative of a number of consecutive zero
coefficient values preceding the non-zero coefficient value, and wherein the first and the
25 second number are each assigned to one of a plurality of contexts indicative of the
number pairs. The computer program also comprises code for assigning the first number
in one of the number pairs to a context based on a third number indicative of the first
number of a preceding number pair.
According to an eighth aspect of the present invention there is provided a
30 computer program comprising code for performing a method of image coding, wherein an

image is divided in an encoder into a plurality of blocks having a plurality of pixels, each
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pixel having a pixel value, and a transform coding operation is performed on a block of
pixel values to produce a corresponding block of transform coefficient values. The
computer program also comprises code for scanning the block of transform coefficient
values in a given scanning order to produce a scanned array of coefficient values arranged
according to the scanning order wherein the coefficient values in the scanned array are
represented by a plurality of number pairs, each having a first number indicative of a non-
zero coefficient value and a second number indicative of a number of consecutive zero
coefficient values preceding the non-zero coefficient value, and wherein the first and the
second number are each assigned to one of a plurality of contexts indicative of the
number pairs. The computer program further comprises code for assigning the second
number in one of the number pairs to a context based on the first number of the number
pair.

According to a ninth aspect of the present invention there is provided a computer
program comprising code for performing a method of image coding, wherein an image is
divided in an encoder into a plurality of blocks having a plurality of pixels, each pixel
having a pixel value, and a transform coding operation is performed on a block of pixels
to produce a corresponding block of transform coefficient values. The computer program
further comprises code for providing a number indicative of the number of non-zero
coefficient values in the block of transform coefficient values and assigning the number
to a context.

Advantageously, the computer program further comprises code for assigning the
number indicative of the number of non-zero transform coefficient values in the block of
transform coefficient values taking into account the context to which another such
number indicative of the number of non-zero transform coefficient values in another
block of transform coefficient is assigned.

According to a tenth aspect of the invention there is provided a computer program
according to the seventh, eighth and ninth aspects of the invention.

The present invention will become apparent upon reading the description taken in

conjunction with Figures 7a to 12.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram illustrating the structure of an exemplary video
encoder, which employs block-based transform coding and motion-compensated
prediction.

Figure 2 is a block diagram of an exemplary video decoder corresponding to the
encoder of Figure 1.

Figure 3 is a diagrammatic representation showing an exemplary zig-zag scan.

Figure 4 1s a block diagram showing an encoder in a prior art context-based
arithmetic coding scheme.

Figure 5 is a block diagram showing a decoder in a prior art context-based
arithmetic coding scheme.

Figure 6a is a diagrammatic representation showing an exemplary two-
dimensional array of quantized DCT coefficient values scanned in a zigzag manner.

Figure 6b is a table showing the level and run values derived from the array of
Figure 6a.

Figure 6c¢ is a table showing the binarized /evel and run values resulted from the
application of the binarization scheme of Table 1 to the /evel and run values of Figure 6b.

Figure 6d is a table showing a way in which the probability estimates are updated
from runs and levels.

Figure 7a is a table showing a way in which contexts are assigned to bins based on
level values.

Figure 7b is a table showing the way in which contexts are assigned to level
values according to the first embodiment of the present invention.

Figure 8a is a table showing a way in which contexts are assigned to bins based on
run values.

Figure 8b is a table showing the way in which contexts are assigned to run values
according to the second embodiment of the present invention.

Figure 9 is a block diagram illustrating an encoder in a context-based arithmetic
coding scheme, according to the present invention.

Figure 10 is a block diagram illustrating a decoder, according to the present

invention.
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Figure 11 is a flowchart illustrating a method of image coding, according to the
preferred embodiment of the present invention.
Figure 12 is a flowchart illustrating a method of image coding, according to

another embodiment of the present invention.

BEST MODE TO CARRY OUT THE INVENTION

Embodiments of the invention will now be discussed in detail. As described
above, the present invention provides a number of related mechanisms by which an
improvement in the coding efficiency (data compression) of a context-based arithmetic
coder, can be attained. This improvement is achieved by using context models, which
take into account the contexts to which other data symbols are assigned.

The first embodiment of the invention, described in detail in section 1.1 below,
relates to a context-based binary arithmetic coder suitable for use in an image coding
system such as that defined by ITU-T recommendation H.26L. In this embodiment, level
values generated by run-level coding the quantized transform coefficients of a transform
coded block of image pixels are assigned to contexts taking into account the /evel of
another transform coefficient belonging to the same block.

The second embodiment of the invention, described in detail in section 1.2, also
relates to a context-based binary arithmetic coder for an image coding system such as that
defined by ITU-T recommendation H.26L. In the second embodiment, 7un values
produced by run-level coding the quantized DCT transform coefficients of a transform
coded block of image pixels are assigned to contexts taking into account the level value of
the run-level pair to which the run value belongs.

The third embodiment of the invention is described in section 1.3 and also relates
to a context-based arithmetic coder for an image coding system such as that defined by
ITU-T recommendation H.26L. According to the third embodiment, the number of non-
zero transform coefficients N, for a transform coded image block is determined and
assigned to a context taking into account the context assigned to the N, value for at least
one other transform coded image block.

A preferred embodiment of the invention combines the functionality of the three

above-mentioned embodiments.
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As explained earlier in the text, the high complexity profile of ITU-T
recommendation H.26L. TMLS8 employs a form of context-based arithmetic coding known
as CABAC. In a video encoder implemented according to H.26L, the CABAC method is
used to encode a variety of different types of information produced by the encoder,
including the transform coefficients generated by transform coding blocks of image pixels
(in INTRA-coding mode) or prediction error values (in INTER-coding mode). The two-
dimensional array of transform coefficients produced by transform coding a block of
image pixels is scanned according to a particular scanning mode to produce a one-
dimensional array. Two such scanning modes are defined in H.26L. The first is known as
'single-scanning mode' while the other is referred to as 'double-scanning mode'.
Whichever scanning mode is used, scanning of the transform coefficients converts the
two-dimensional array of coefficient values into a one-dimensional array in which the
coefficients are ordered in a predetermined manner. The ordered transform coefficient
values in the one-dimensional array are converted run and /evel values. The last entry in
the ordered one-dimensional array is an end-of-block symbol, which according to H.26L
TMLS, takes the form of a /evel value equal to zero. This indicates that the last non-zero
coefficient value in the ordered array has been converted into a run-level pair.

The run and level values are converted to binary numbers (binarized), by mapping
them to a series of bins, each of which can be assigned the value 0 or 1 (see Table 1). The
binarized run and level values are then assigned to contexts, a separate set of contexts
being defined for the runs and the levels. According to H.26L. TMLS, for a given block
type, the set of contexts defined for /evels depends only on the bin number to which the
levels are assigned. More specifically, according to H.26L. TMLS four contexts are
defined for /evel encoding. The first one is for the first bin, the second is for the second
bin, while the third context is for the rest of the bins representing the magnitude of the
level. The remaining context is used for the sign of the /evel. For runs there are three
contexts, the first one for the first bin, the second for the second bin and the third for all
remaining bins. As run values are always equal to or greater than zero, there is no need

for an additional context to represent sign information.
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1.1.  Context Model for Levels
According to the first embodiment of the present invention, when assigning a

binarized /evel value to a context, in addition to considering the bin to which the level
value itself is mapped, the level value of the preceding run-level pair is also taken into
account. In this context, the term 'preceding run-level pair' means the run-level pair
corresponding to the preceding coefficient in the ordered one-dimensional array of
coefficient values. The following pseudo code presents an exemplary procedure for
assigning a context to a level value of a run-level pair, taking into account both the bin to

which the level itself is mapped and the level value of the preceding run-level pair:

if (bin_nr > MAX BIN LEVEL)
bin_nr = MAX BIN LEVEL;

end

if (prev_level > MAX LEVEL) 2)
prev_level = MAX LEVEL;

end

context = (bin_nr-1)*MAX LEVEL + prev_level

In expression (2) prev_level is the (magnitude of the) level value of the previous run-level
pair. prev_level is initialized to zero at the beginning of each block. In a double scanning
mode, prev_level is initialized at the beginning of each scan, twice per block. Parameter
MAX_BIN_LEVEL provides a means of controlling the way in which the bin number to
which the level value is mapped affects the assignment of a context. More specifically,
and in a manner similar to the present assignment of contexts according to H.26L. TMLS,
MAX BIN_LEVEL effectively defines a context to which all bin numbers greater than or
equal to MAX_ BIN_LEVEL are assigned. In an similar fashion parameter MAX LEVEL
provides a means of controlling the way in which the level value of the previous run-level
pair affects the assignment of a context. Figures 7a and 7b illustrate the way in which
contexts are assigned to level values according to the first embodiment of the invention by
applying the pseudo code of expression (2) with MAX_BIN LEVEL =3 and

MAX LEVEL = 5. In principle, any combination of MAX BIN_LEVEL and
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MAX LEVEL can be used to define a set of contexts appropriate for the statistical

characteristics of the level values to be coded.

1.2.  Context Model for Runs

According to the second embodiment of the invention an approach is similar to
that described in section 1.1 is used to assign run values to contexts. More specifically,
when assigning a binarized run value to a context, in addition to considering the bin to
which the run value itself is mapped, the level of the run-level pair to which the run value
belongs is also taken into account. The following pseudo code presents an exemplary
procedure for assigning a context to a run value of a run-level pair, taking into account
both the bin to which the rurn itself is mapped and the level value of the run-level pair to

which the run value belongs:

if (bin_nr > MAX BIN RUN)
bin_ nr = MAX BIN RUN;

end

if (level > MAX RUNL) (3)
level = MAX RUNL;

end

context = (bin_nr-1)*MAX RUNL + level

In expression (3) /evel is the magnitude of the /evel value of the run-level pair. Parameter
MAX BIN RUN provides a means of controlling the way in which the bin number to
which the run value is mapped affects the assignment of a context. More specifically, and
in a manner similar to the present assignment of contexts according to H.26L. TMLS,
MAX BIN_RUN effectively defines a context to which all bin numbers greater than or
equal to MAX BIN_RUN are assigned. In an similar fashion parameter MAX RUNL
provides a means of controlling the way in which the level value of run-level pair affects
the assignment of a context. Figures 8a and 8b illustrates the way in which contexts are
assigned to /evel values according to the second embodiment of the invention by applying
the pseudo code of expression (3) with MAX BIN RUN =3 and MAX RUNL = 4. In
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principle, any combination of MAX_ BIN RUN and MAX RUNL can be used to define
a set of contexts appropriate for the statistical characteristics of the run values to be
coded.

1.3 Contexts for Number of Non-Zero Coefficients

The third embodiment of the invention relates in particular to the way in which an
ordered array of transform coefficient values is converted into run and level values and
the way in which the number of run-level pairs corresponding to an array of quantized
transform coefficient values is signaled. More specifically, after a block of image pixels
or prediction error values has been transform coded to form a two-dimensional array of
transform coefficient values and each of the coefficient values has been quantized, the
number of non-zero quantized coefficient values in the array is determined. A value,
referred to as N, is assigned to that number and is used to signal explicitly the number of
non-zero coefficient values in the array. Thus, according to this embodiment of the
invention, an EOB symbol, for example a level value equal to zero, is no longer required.

The quantized transform coefficients are further scanned according to a
predetermined scanning order to produce an ordered one-dimensional array.
Alternatively, N, may be determined after ordering the quantized coefficient values. Each
of the non-zero quantized coefficients in the ordered array is then converted into a run-
level pair. According to this embodiment of the invention, the level value of the run-level
pair denotes the magnitude of the value of the quantized coefficient minus 1 and the run
value corresponds to the number of consecutive zero-valued quantized coefficients
preceding the coefficient in question. The level values are assigned to the magnitude of
the value of the quantized coefficient minus 1 because a level value equal to zero is no
longer used as an end-of-block indicator. This gives rise to a saving in the amount of data
(e.g. number of bits) required to represent the level information.

The level and run values are then encoded using entropy coding, as is the N,
value. In a situation where a context-based arithmetic coding method such as the CABAC
technique implemented in H.26L. TMLS8 is used, the 7un and level values may be encoded
according to the first and / or second embodiments of the invention, as described above.

Alternatively any other appropriate context models may be used for the run and level
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values. Additionally a separate context model is defined for N;. According to this
embodiment of the invention, the N, value representing the number of non-zero quantized
transform coefficients in a given block is first binarized by mapping it to a series of bins,
each of which has a corresponding bin number. The context for N, is then determined on
the basis of the bin number to which N, is mapped and the N; of at least one other image
block or macroblock which has already been assigned an N, value. The following pseudo
code presents an exemplary procedure for assigning a context to an N, value, taking into

account both the bin to which the N. itself is mapped and the preceding N, value:

if (bin_nr > MAX BIN Nc)
bin_nr = MAX BIN Nc;

end

if (prev_nc > MAX Nc) (4)
prev_nc = MAX Nc;

end

context = (bin_nr-1)*MAX nc + prev_nc

In expression (4) prev_nc 1s the previous N value.

When encoded level and run values for a given block of quantized transform
coefficents are transmitted from an encoder to a decoder, the entropy coded N, value is
transmitted before the encoded run and level values. At the decoder, the N, value is
decoded, followed by the run-level pairs corresponding to the quantized transform
coefficient values for the block in question. The value of +1 is added to each of the
magnitude of the level values as they are decoded in order to compensate for the
corresponding subtraction made at the encoder.

To demonstrate the improvement in coding efficiency using the method of image
coding, according to the present invention, the average bitrate difference is calculated
using results from QP=28, 24, 20, 16. Table 2 shows the bitrate reduction in percentage,
as compared to TML-8, where MAX LEVEL=5 and MAX RUN=4. All frames are

encoded as I-frames in CABAC mode. As shown in Table 2, the reduction in bitrate
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ranges from 0.95 to 4.74%. The improvement is more pronounced when the QP values

are small.

QP Container Foreman | News Silent | Tempete | Mobile | Paris
5 3.19 3.92 3.11 4.74 4.01 3.63 3.34
10 3.10 3.39 2.85 4.32 3.88 3.73 3.04
16 2.64 2.67 2.26 3.17 3.37 3.37 2.55
20 2.20 2.14 1.76 2.38 2.79 2.90 2.20
24 1.30 1.51 1.35 2.28 1.89 2.01 1.54
28 1.16 0.95 0.99 1.76 1.55 1.57 1.18
Ave Bitrate

Diff * (%) 1.79 1.83 1.58 2.37 2.49 2.40 1.87

Table 2

In Tables 2, the names appearing on the first row of the table are pictures used in
Gisle Bjontegaard “Recommended Simulation Conditions for H.26L” (VCG-M75, ITU-T
Video Coding Experts Group, Austin, Texas, USA, 2-4 April, 2001).

Referring now to Figure 9, an encoder 10 in the transmit side, according to the
present invention, includes a unit 16 for storing previous levels and runs. As shown in
Figure 9, the run-level pairs 102 for a given block are provided to a mapping unit 12,
which map the pairs to a sequence of bins, each bin having a value of 0 or 1. The location
of the bin in the sequence representing a run-/evel pair is called a bin number. The bin
numbers are represented by signals 104. Based on the signals 104 and a previously
encoded /evel value 108 provided by unit 16, an assignment unit 14 assigns a context to a
bin number. The contexts, denoted by signals 106, are provided to an adaptive arithmetic
coder 20. The probability of occurrence of 1 and the probability of occurrence of 0 are
estimated by a probability estimation module 22. Based on the probability estimates 120,
an arithmetic encoding unit 24 encodes the bins. A feedback signal 124 is provided from
the encoder 24 to the probability estimation module 22 to update the probability
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estimation. The encoded information is made into a bit-stream 122 to be conveyed to a
decoder or stored in a storage device for later use.

Preferably, the encoder 10 also includes a unit 18, which is capable of providing
the number, N, of non-zero coefficients in the block to the arithmetic encoder 20 before
the run-level pairs are provided to the arithmetic encoder 20, so that N, is also encoded
and included into the bit-stream 122. N; is represented by signals 110. By using N, there
is no need to send an End-of-Block (EOB) symbol to the decoder. In prior art, the /evel
value of 0 is used for the EOB symbol. More specifically, N, is found after transform and
quantization and it is encoded with entropy encoding. It should be noted that with the
number of non-zero coefficients known, it is no longer necessary to use the 0-/evel value
to signal the end of the block. Thus, it is possible to modify the level value by subtracting
the value of the quantized coefficient by 1.

On the receive side, as shown in Figure 10, a decoder 50 is used to receive the bit-
stream 122 provided by the encoder 10. The received bit-stream, which represents
arithmetic coded data symbols, is denoted by reference numeral 202. Initially, based on
the previously decoded symbols, a context is calculated in a context assignment block 66
and the probability estimates of the bin values are updated in a probability estimation
block 62. The previously decoded symbols based on which the probability estimates are
updated are denoted by reference numeral 205. Context assignment, as carried out in the
context assignment block 66, and calculation of probability estimates, as carried out in the
probability estimation block 62, are similar to those in the encoder 10. The received bits
202 are then fed into an arithmetic decoding engine 64 in an arithmetic coder 60, where
they are converted into decoded bin values 206, using the calculated context and the
current probability estimates of the bin values 204. Decoded bins 208 are mapped to the
values of the runs and /evels in block 68. If the number, N, of non-zero coefficients in the
block is encoded in the encoder 10 and provided in the received bit-stream 202, then a
signal 214 is provided to the bin-to-value mapping module 68 whereby the quantized
coefficient is restored by adding to the /evel value by 1.

Figure 11 is a flowchart illustrating a method of image coding, according to the
preferred embodiment of the present invention. As shown, the method 500 starts at step

510 where an image is received by an encoder. The received image is divided into a

40

Page 52 of 116



20

PATENT

944-001.062
plurality of blocks at step 520. Each block is scanned at step 530 and the levels and runs
of the quantized coefficients in the block are obtained at step 540. In contrast to prior art
coding schemes, the present invention also uses the previous levels in the assignment of
contexts at step 550. In particular, the assignment of contexts to the bins representing the
level values of the quantized coefficients takes into account the value of the previously
encoded /level, as described in section 1.1. Likewise, the assignment of contexts to the
bins representing the run values of the quantized coefficients takes into account the level
value, as described in section 1.2. The assigned contexts are conveyed to an arithmetic
coder for encoding at step 560. Additionally, N, or the number of non-zero quantized
coefficients, is determined during or after the block is scanned at step 530 and N, is
encoded at step 560 prior to N, and the contexts being provided to a decoder, as described
in section 1.3.

Alternatively, the image coding method can be improved solely by conveying
signals indicative of N to the receive side, without considering the value of the
previously encoded Jevel or run when the contexts are assigned, as shown in Figure 11.
As shown in Figure 12, instead of obtaining the previously encoded levels and runs at
step 540 for assigning the contexts at step 550, N, is obtained and provided at step 542.
N, is conveyed, before the contexts assigned at step 550 are sent, to an arithmetic coder
for encoding at step 560. By sending N, there is no need to send the EOB symbol to the
decoder.

Although the invention has been described with respect to a preferred embodiment
thereof, it will be understood by those skilled in the art that the foregoing and various
other changes, omissions and deviations in the form and detail thereof may be made

without departing from the scope of this invention.
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WHAT IS CLAIMED IS:

1. A method of image coding, wherein an image is divided in an encoder into a
plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on a block of pixels to produce a corresponding
block of transform coefficient values, the block of transform coefficient values being
scanned in a given scanning order to produce a scanned array of coefficient values
arranged according to the scanning order, and wherein the coefficient values in the
scanned array are represented by a plurality of number pairs, each having a first number
indicative of a non-zero coefficient value and a second number indicative of a number of
consecutive zero coefficient values preceding the non-zero coefficient value, and the first
and the second number are each assigned to one of a plurality of contexts indicative of the
number pairs, said method comprising the step of

assigning a further value to a context based on a third number indicative of a

preceding value.

2. A method according to claim 1, wherein the further value is the first number in
one of the number pairs and the preceding number is the first number in a preceding

number pair.

3. A method according to claim 2, wherein said plurality of contexts are contexts of

a context-based arithmetic coder.

4. A method according to claim 2, wherein said plurality of contexts are contexts of

a context-based binary arithmetic coder.

5. A method according to claim 4, wherein each of the first, second and third
numbers is mapped to a set of bins, each of said set of bins having an associated bin

number and being capable of taking one of either a first value or a second value.
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6. A method according to claim 5, wherein each of said first, second and third
numbers is mapped to one of said set of bins, mapping of a number to a given one of said

set of bins being indicated by assigning the value of the bin to the first value.

7. A method according to claim 5, wherein the first value is 1 and the second value is
0.
8. A method according to claim 6, wherein the step of assigning the first number in

one of the number pairs to a context based on a third number indicative of the first
number of a preceding number pair further takes into account the bin number to which the

first number of said one of the number pairs is mapped.

9. A method of image coding, wherein an image is divided in an encoder into a
plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on a block of pixel values to produce a
corresponding block of transform coefficient values, the block of transform coefficient
values is scanned in a given scanning order to produce a scanned array of coefficient
values arranged according to the scanning order wherein the coefficient values in the
scanned array are represented by a plurality of number pairs, each having a first number
indicative of a non-zero coefficient value and a second number indicative of a number of
consecutive zero coefficient values preceding the non-zero coefficient value, and wherein
the first and the second number are each assigned to one of a plurality of contexts
indicative of the number pairs, said method comprising the step of

assigning the second number in one of the number pairs to a context based on the

first number of the number pair.

10. A method according to claim 9, wherein said plurality of contexts are contexts of

a context-based arithmetic coder.

11. A method according to claim 9, wherein said plurality of contexts are contexts of

a context-based binary arithmetic coder.
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12. A method according to claim 9, wherein each of the first and second numbers is
mapped to a set of bins, each of said bins having an associated bin number and being

capable of taking one of either a first value or a second value.

13. A method according to claim 12, wherein each of said first and second numbers is
mapped to one of said set of bins, mapping of a number to a given one of said set of bins

being indicated by assigning the value of the bin to the first value.

14. A method according to claim 13, wherein the first value is 1 and the second value
is 0
15. A method according to claim 13, wherein the step of assigning the second number

in one of the number pairs to a context based on the first number of the number pair
further takes into account the bin number to which the second number in said one of the

number pairs is mapped.

16. A system for image coding, wherein an image is divided in an encoder into a
plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on a block of pixels to produce a corresponding
block of transform coefficient values, the block of transform coefficient values being
scanned in a given scanning order to produce a scanned array of coefficient values
arranged according to the scanning order, and wherein the coefficient values in the
scanned array are represented by a plurality of number pairs, each having a first number
indicative of a non-zero coefficient value and a second number indicative of a number of
consecutive zero coefficient values preceding the non-zero coefficient value, and the first
and the second number are each assigned to one of a plurality of contexts indicative of the
number pairs, said system comprising:

a mechanism, located in the encoder, for assigning the first number in one of the
number pairs to a context based on a third number indicative of the first number of a

preceding number pair.
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17. A system according to claim 16, wherein said plurality of contexts are contexts of

a context-based arithmetic coder.

18. A system according to claim 16, wherein said plurality of contexts are contexts of

a context-based binary arithmetic coder.

19. A system for image coding, wherein an image is divided in an encoder into a
plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on a block of pixels to produce a corresponding
block of transform coefficient values, the block of transform coefficient values being
scanned in a given scanning order to produce a scanned array of coefficient values
arranged according to the scanning order, and wherein the coefficient values in the
scanned array are represented by a plurality of number pairs, each having a first number
indicative of a non-zero coefficient value and a second number indicative of a number of
consecutive zero coefficient values preceding the non-zero coefficient value, and the first
and the second number are each assigned to one of a plurality of contexts indicative of the
number pairs, said system comprising:

a mechanism, located in the encoder, for assigning the second number in one of

the number pairs to a context based on the first number of the number pair.

20. A system according to claim 19, wherein said plurality of contexts are contexts of

a context-based arithmetic coder.

21. A system according to claim 19, wherein said plurality of contexts are contexts of

a context-based binary arithmetic coder.

22. A method of image coding, wherein an image is divided in an encoder into a
plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on a block of pixels to produce a corresponding

block of transform coefficient values, said method comprising the step of
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providing a further number indicative of the number of non-zero coefficient
values in the block of transform coefficient values and assigning said number to a

context.

23. A method according to claim 22, wherein the step of assigning the further number
indicative of the number of non-zero transform coefficient values in said block of
transform coefficient values takes into account the context to which another such further
number indicative of the number of non-zero transform coefficient values in another

block of transform coefficient is assigned.

24. A method according to claim 22, wherein the block of transform values is scanned
in a given scanning order to produce a scanned array of coefficient values arranged
according to the scanning order, and wherein the coefficient values in the scanned array
are represented by a plurality of number pairs, each having a first number indicative of a
non-zero coefficient value and a second number indicative of the number of consecutive

zero coefficient values preceding the non-zero coefficient value.

25. A method according to claim 22, wherein the further number is provided so as to
avoid sending an end-of-block indication, indicative of the last non-zero coefficient value

in the scanned array of coefficient values.

26. A method according to claim 24, wherein the first number is equal to the

magnitude of a non-zero coefficient value minus 1.

27. A system for image coding, wherein an image is divided in an encoder into a
plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on each block of pixels to produce a
corresponding block of transform coefficient values, said system comprising

a mechanism, located in the encoder and responsive to the coefficient values, for
providing a third number indicative of the number of non-zero coefficient values in the

block of transform coefficient values and assigning said number to a context.
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28. A system according to claim 27, further comprising a mechanism for assigning the
number indicative of the number of non-zero transform coefficient values in said block of
transform coefficient values taking into account the context to which another such
number indicative of the number of non-zero transform coefficient values in another

block of transform coefficient is assigned.

29. A computer program having a code for performing a method of image coding, in
which an image is divided into a plurality of blocks having a plurality of pixels, each
pixel having a pixel value, and a transform coding operation is performed on a block of
pixel values to produce a corresponding block of transform coefficient values; and a code
for scanning the block of transform coefficient values in a given scanning order to
produce a scanned array of coefficient values arranged according to the scanning order,
wherein the coefficient values in the scanned array are represented by a plurality of
number pairs, each having a first number indicative of a non-zero coefficient value and a
second number indicative of a number of consecutive zero coefficient values preceding
the non-zero coefficient value, and wherein the first and the second number are each
assigned to one of a plurality of contexts indicative of the number pairs, said computer
program comprising

a code for assigning the first number in one of the number pairs to a context based

on a third number indicative of the first number of a preceding number pair.

30. A computer program having a code for performing a method of image coding,

wherein an image is divided in an encoder into a plurality of blocks having a plurality of
pixels, each pixel having a pixel value, and a transform coding operation is performed on
a block of pixel values to produce a corresponding block of transform coefficient values;
and a code for scanning the block of transform coefficient values in a given scanning

order to produce a scanned array of coefficient values arranged according to the scanning
order wherein the coefficient values in the scanned array are represented by a plurality of
number pairs, each having a first number indicative of a non-zero coefficient value and a

second number indicative of a number of consecutive zero coefficient values preceding
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the non-zero coefficient value, and wherein the first and the second number are each
assigned to one of a plurality of contexts indicative of the number pairs, said computer
program comprising
a code for assigning the second number in one of the number pairs to a context

based on the first number of the number pair.

31. A computer program comprising a code for performing a method of image coding,
wherein an image is divided in an encoder into a plurality of blocks having a plurality of
pixels, each pixel having a pixel value, and a transform coding operation is performed on
a block of pixels to produce a corresponding block of transform coefficient values, said
computer program comprising

a code for providing a number indicative of the number of non-zero coefficient
values in the block of transform coefficient values and assigning said number to a

context.

32. A method of image coding, wherein an image is represented as a plurality of
image blocks and at least one of said image blocks is represented as an ordered array of
transform coefficients and said ordered array of transform coefficients is coded using
context-based arithmetic coding to produce a code-word representative of the ordered
array of coefficients, each of said coefficients being assigned to a context, wherein a first
coefficient is assigned to a context with reference to a second coefficient preceding said

first coefficient in the ordered array.

33. A method of context-based arithmetic coding in which an ordered array of data
symbols is represented with a code-word, each of said data symbols in said ordered array
being assigned to a context selected from a plurality of contexts, each of said plurality of
contexts being indicative of the statistical properties of data symbols assigned to the
context, wherein in a first data symbol in the ordered array is assigned to a context with

reference to a second data symbol preceding the first data symbol in the ordered array.
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Abstract of the Disclosure

A method and system for image coding, wherein an image is divided into a
plurality of blocks for scanning. The pixels values in the scanned block are represented
by a plurality of level-run value pairs, wherein the level value is indicative of a non-zero

5 pixel value and the run value is indicative of the number of consecutive zero pixel values
preceding the non-zero pixel value. A plurality of contexts indicative of the level-run
value pairs are conveyed to a decoder for allowing the decoder to reconstruct the image
based on the contexts. The assignment of the contexts is also based on the level value of
a preceding level-run pair. Additionally, instead of an end-of-block symbol, the number
of non-zero coefficients is provided to the decoder prior to conveying the contexts

thereto.
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Serial No.: 09/995,240 : Examiner: Amir Alavi RECEIVED

GEMVRAL FAX CENTER
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Filed: November 27, 2001 - Art Umt: 2621

For: METHOD AND SYSTEM FOR CONTEXT-BASED ADAPTIVE BINARY
ARITHMETIC CODING

Umited States Patent & Trademark Office
Attention: Examiner Amir Alavi
Fascimile No. 703-872-9306

AMENDMENT AFTER ALLOWANCE (37 CFR 1.312(a))

Sy
This amendment is filed in response to the Examiner’s Amendment in the Notice of
Allowability, mailed May 26, 2004. Please amend the patent application as follows:

I hereby certify that this correspondence is being transmitted
today, August 10, 2004, via facsimile (703-872-9306) to
Examiner Amir Alavi at the United States Patent &
Trademark Office.
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Cathy Sturmek
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TO: Examiner Amir Alavi 7 iAl

COMPANY/FIRM: | USPTO
PHONE NO.:

FACSIMILE NO.: | 703-872-9314 (220

FROM: James A. Retter (for Kenneth Q. Lao) ~ /eas
COMPANY/FIRM: | Ware, Fressola, Van Der Sluys & Adolphson LLP
PHONE NO.: (203)261-1234
FACSIMILE NO.: (203)261-5676

CONFIRMATION BY MAIL: No
Number of pages (including this transmittal page): 14
If facsimile transmission is incomplete, please notify sender at (203)261-1234.

WARE, FRESSOLA, VAN DER SLUYS & ADOLPHSON LLP
BRADFORD GREEN, BUILDING FIVE
755 MAIN STREET, MONROE, CONNECTICUT 06468
TELEPHONE NO. (203) 261-1234
FACSIMILE NO. (203) 261-5676

THE INFORMATION CONTAINED IN THIS FACSIMILE IS CONFIDENTIAL AND MAY ALSO BE ATTORNEY-CLIENT PRIVILEGED, THE INFORMATION IS
INTENDED ONLY FOR THE USE OF THE INDIVIDUAL OR ENTITY TO WHOM IT IS ADDRESSED. IF YOU ARE NOT THE INTENDED RECIPIENT, OR THE
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Specification amendments (pp. 13, line 17 through pp. 16, line 16)

The control manager 460 controls the operation of the decoder 400 in response to
whether an INTRA- or an INTER-coded frame is being decoded. An INTRA / INTER trigger
control signal, which causes the decoder to switch between decoding modes is derived, for
example, from picture type information provided in a header portion of each compressed video
frame received from the encoder. The INTRA / INTER trigger control signal is extracted from
the encoded video bit-stream by the video multiplex decoder 470 and is passed to control
manager 435460 via control line.

Decoding of an INTRA-coded frame is performed on a macroblock-by-macroblock basis,
each macroblock being decoded substantially as soon as encoded information relating to it is
identified in the received video bit-stream 335. The video multiplex decoder 438470 first
separates the encoded information for the blocks of the macroblock from possible control
information relating to the macroblock in question. The encoded information for each block of
an INTRA-coded macroblock comprises variable length code-words. These code-words
represent the entropy coded level and run values for the non-zero quantized DCT coefficients of
the block. The video multiplex decoder 470 decodes the variable length code-words using a
variable length decoding method corresponding to the encoding method used in the encoder 300
and thereby recovers the level and run values. It then reconstructs the array of quantized
transform coefficient values for each block of the macroblock and passes them to inverse
quantizer 410. Any control information relating to the macroblock is also decoded in the video
multiplex decoder vsing an appropriate variable length decoding method and is passed to control
manager 460. In particular, information relating to the level of quantization applied to the
transform coefficients is extracted fromn the encoded bit-stream by video multiplex decoder 470
and is provided to control manager 460 via control line 424324. The control manager, in turn,
conveys this information to inverse quantizer 420 via control line 415. Inverse quantizer 410
inverse quantizes the quantized DCT coefficients for each block of the macroblock according to
the control information and provides the now inverse quantized DCT coefficients inverse DCT
transformer 420. |

Inverse DCT transformer 420 performs an inverse DCT transform on the inverse

quantized DCT coefficients for each block of the macroblock to form a decoded block of image

2
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information comprising reconstructed pixel values. As motion-compensated prediction is not
used in the encoding/decoding of INTR A-coded macroblocks, control manager 460 controls

. combiner 420430 in such a way as to prevent any reference information being used in the
decoding of the INTRA-coded macroblock. The reconstructed pixel values for each block of the
macroblock are passed to the video output 480 of the decoder where, for example, they can be
provided to a display device (not shown). The reconstructed pixel values for each block of the
macroblock are also stored in frame store 450, As subsequent macroblocks of the INTRA-coded
frame are decoded and stored, a decoded frame is progressively assembled in the frame store 450
and thus becomes available for use as a reference frame for motion compensated prediction in
connection with the decoding of subsequently received INTER-coded frames.

INTER-coded frames are also decoded macroblock by macroblock, each INTER-coded
macroblock being decoded substantially as soon as encoded information relating to it is
identified in the received bit-stream. The video multiplex decoder 420470 separates the encoded
prediction error information for each block of the INTER-coded macroblock from encoded
motion vector information and possible control information relating to the macroblock in
question. As explained in the foregoing, the encoded prediction error information for each block
of the macroblock comprises variable length codewords which represent the entropy coded level
and run values for the non-zero quantized transform coefficients for the prediction error block in
question. The video multiplex decoder 470 decodes the variable length code-words using a
variable length decoding method corresponding to the encoding method used in the encoder 300
and thereby recovers the level and run values. It then reconstructs an array of quantized
transform coefficient values for each prediction error block and passes them to inverse quantizer
410. Control information relating to the INTER-coded macroblock is also decoded in the video
multiplex decoder using an appropriate variable length decoding method and is passed to control
manager 460. Information relating to the level of quantization applied to the transform
coefficients of the prediction error blocks is extracted from the encoded bit-stream and provided
to conirol manager 460 via control line 424324. The control manager, in turn, conveys this
information to inverse quantizer 420410 via control line 415. Inverse quantizer 410 inverse
quantizes the quantized DCT coefficients representing the prediction error information for each
block of the macroblock according to the control information and provides the now inverse

quantized DCT coefficients to inverse DCT transformer 420. The inverse quantized DCT

3
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coefficients representing the prediction error information for each block are then inverse
transformed in the inverse DCT transformer 420 to yield an array of reconstructed prediction
error values for each block of the macroblock.

The encoded motion vector information associated with the macroblock is extracted from
the encoded video bit-stream 335 by video multiplex decoder 420470 and is decoded using an
appropriate variable length decoding method. The decoded motion vector information thus
obtained is passed via data line 426326 to motion compensated prediction block 440, which
reconstructs a motion vector for the macroblock using the same motion model as that used to
encode the INTER-~coded macroblock in encoder 300. The reconstructed motion vector
approximates the motion vector originally determined by motion estimation block 330 of the
encoder. The motion compensated prediction block 440 of the decoder uses the reconstructed
motion vector to identify the location of a region of reconstructed pixels in a prediction reference
frame stored in frame store 450, The reference frame may be, for example, a previously decoded
INTRA-coded frame, or a previously decoded INTER-coded frame. In either case, the region of
pixels indicated by the reconstructed motion vector is used to form a prediction for the
macroblock in question. More specifically, the motion compensated prediction biock 440 forms
an array of pixel values for each block of the macroblock by copying corresponding pixel values
from the region of pixe¢ls identified in the reference frame. The prediction, that is the blocks of
pixel values derived from the reference frame, are passed from motion compensated prediction
block 440 to combiner 466430 where they are combined with the decoded prediction error
information. In practice, the pixel values of each predicted block are added to corresponding
reconstructed prediction error values output by inverse DCT transformer 436420, In this way an
array of reconstructed pixel values for each block of the macroblock is obtained. The
reconstructed pixel values are passed to the video output 480 of the decoder and are also stored
in frame store 450. As subsequent macroblocks of the INTER-coded frame are decoded and
stored, a decoded frame is progressively assembled in the frame store 450 and thus becomes
available for use as a reference frame for motion-compensated prediction of other INTER-coded
frames.

4
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Claim amendments

1. (Previously presented) A method of image coding, wherein an image is divided in an encoder
into a plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a -
transform coding operation is performed on a block of pixels to produce a corresponding block
of transforin coefficient values, the block of transform coefficient values being scanned in a
given scanning order to produce a scanned array of coefficient values arranged according to the
scanning order, the method comprising the steps of;

representing the coefficient values in the scanned array by a plurality of number pairs,

* each of said number pairs having a first number and a second number; and

assigning the first numbers to one of a plurality of contexts representative of the first

numbers such that the first number of a first number pair is assigned to a context at least partly in

" dependence on a first number of a second number pair.

2. (Previously presented) A method according to ¢laim 1, wherein the first number of the first
numnber pair is assigned to a context at least partly in dependence on the first number of a

preceding number pair in the scanning order.

3. (Previously presented) A method according to claim 1, wherein said plurality of contexts are
contexts of a context-based arithmetic coder.

4. (Previously presented) A method according to claim 1, wherein said phurality of contexts are
contexts of a context-based binary arithmetic coder.

5. (Previously presented) A method according to claim 4, further comprising the step of:
mapping the first numbers of said number pairs to a set of bins, each of which can be

assigned one of either a first or a second value.

6. (Previously presented) A method according to claim 5, wherein mapping of a number to a

given one of said set of bins is indicated by assigning the bin to the first value.

5
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7. (Original) A method according to claim 5, wherein the first value is 1 and the second value is
0.

8. (Previously presented) A method according to claim 5, wherein the first number of a number
pairs is assigned to a context at least partly in dependence on the bin to which the first number of

said mumber pair is mapped.

9. (Currently amended) A method of image coding, wherein an image ié divided in an encoder
into a plurality of blocks having a plurality of pixels, each pixel having a pixel value, and a
transform coding operation is performed on a block of pixels to produce a corresponding block
of transform coefficient values, the block of transform coefficient values is scanned in a given
scanning order to produce a scanned array of coefficient values arranged according to the
scanning order, the method comprising the steps of:

representing the coefficient values in the scanned array by a plurality of number pairs,
each of said number pairs having a first number and a second number; and

assigming the second numbers to one of a plurality of contexts representative of the
second numbers such that the second number of a number pair is assigned to a context at least

partly in dependence on the first number of the number pair.

10. (Original) A method according to claim 9, wherein said plurality of contexts are contexts of
a context-based arithmetic coder.

11. (Original) A method according to claim 9, wherein said plurality of contexts are contexts of
a context-based binary arithmetic coder.

12. (Previously presented) A method according to claim 11, further comprtising the step of:
mapping the second numbers of said number pairs to a set of bins, each of which can be

assigned one of either a first value or a second value.

13. (Previously presented) A method according to claim 12, wherein mapping of a number to a
given one of said set of bins is indicated by assigning the bin to the first value.

6
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14. (Previously presented) A method according to claim 12, wherein the first value is 1 and the

second value is 0.

15. (Previously presented) A method according to claim 12, wherein the second number of a
number pair 15 assigned to a context at least partly in dependence on the bin to which the second

number of the number pair is mapped.

16. (Currently amended) A dewise-system for image coding comprising:

an input for receiving an image as a plurality of blocks having a plurality of pixels, each
pixel having a pixel value;

a transform coder for performing a transform coding operation on a block of pixels to
produce a corresponding block of transform coefficient values;;

a scanner for scanning the block of transform coefficient values in a given scanning order
to produce a scanned array of coefﬁcient values, arranged according to the scanning order;

a run-level coder for representing the coefficient values in the scanned array by a
plurality of number pairs, said number pairs having a first number and a second number; and

a context-based coder for assigning the first numbers to one of a plurality of contexts
representative of the first numbers and operative to assign the first number of a first number pairs

pair to a context at least partly in dependence on a first number of a second number pair.

17. (Currently amended) A deviee-systemn according to claim 16, wherein said context-based

coder is a context-based arithmetic coder.

18. (Currently amended) A deviee-system according to claim 16, wherein said context-based
coder is a context-based binary arithmetic coder.

19. (Previously presented) A system for image coding comprising:

an input for receiving an image as a plurality of blocks having a plurality of pixels, each
pixel having a pixel value;

7
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a transform coder for performing a transform coding operation on a block of pixels to
produce a corresponding block of transform coefficient values;

a scarmer for scanning the block of transform coefficient values in a given scanning order
to produce a scanned array of coefficient values arranged according to the scanning order;

a run-length coder for representing the coefficient values in the scanned array by a
plurality of number pairs, said number pairs having a first number and a second number; and

a context-based coder for assigning the second numbers to one of a plurality of contexts
representative of the second numbers and operative to assign the second number of a number

pair to a context at least partly in dependence on the first number of the number pair.

20. (Previously presented) A system according to claim 19, wherein said context-based coder 1s

a context-based arithmetic coder.

21. (Previously presented) A system according to claim 19, wherein said context-based coder is
~ a context-based binary arithmetic coder.

Claims 22-28 (Cancelled)

29. (Previously presented) A computer program embodied in a computer readable medium
comprising:

machine-readable program code for dividing an image into a plurality of blocks having a
plurality of pixels, each pixel having a pixel value;

machine-readable program code for performing a transform coding operation on a block
of pixel values to produce a corresponding block of transform coefficient values,

machine-readable program code for scanning the block of transform coefficient values in
a given scanning order to produce a scanned array of coefficient values arranged according to the
scanning order;

machine readable-programn code for representing the coefficient values in the scanned
array by a plurality of number pairs, said number pairs having a first number and a second
number; and

8
PAGE 9/14* RCVD AT 81012004 2:45:18 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/0 * DNIS:8729306 * CSID: * DURATION (mm-5s):04-10

Page 86 of 116




AUG-18-2804 14:58 WARE FRESSOLA P.18-14

U.S. S/N 09/995,240
944-001.062

machine-readable program code for assigning the first numbers to one of a plurality of
contexts representative of the first numbers such that the first number of a first number pair is

assigned to a context at least partly in dependence on a first number of second number pair.

30, (Previously presented) A computer program embodied in a computer readable medium
comprising: .

machine-readable program code for dividing an image into a plurality of blocks having a
plurality of pixels, each pixel having a pixel value; »

machine-readable program code for performing a transform coding operation on a block
of pixel values to produce a corresponding block of transform coefficient values;

machine-readable program code for scanning the block of transform coefficient values in
a given scanning order to produce a scanned array of coefficient values arranged according to the
scanning order;

machine-readable program code for representing the coefficient values in the scanned
array by a plurality of number pairs, said number pairs having a first number and a second
number; and '

machine-readable code for assigning the second numbers fo one of a plurality of contexts
representative of the second numbers such that the second number of a number pair is assigned

1o a context at least partly in dependence on the first number of the number pair.

Claims 31-33 (Cancelled)

34. (Previously presented) A method according to claim 1, wherein said first number is
indicative of a non-zero coeefficient value and said second number is indicative of a number of

consecutive zero coefficient values preceding said non-zero coefficient value.
35. (Previously presented) A method according to claim 9, wherein said first number is

indicative of a non-zero coefficient value and said second number 1s indicative of a number of

consecutive zero coefficient values preceding said non-zero coefficient value,
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36. (Currently amended) A deviee-gsystem according to claim 16, wherein the context-based
coder is operative to assign the first number of the first number pair to a context at least partly in

dependence on the first number of a preceding number pair in the scanning order.

37. (Currently amended) A device-gystem according to claim 18, wherein the context-based
coder is operative to map the first numbers of said number pairs to a set of bins, each of which

can be assigned to one of either a first or a second value.

38. (Previously presented) A system according to claim 37, wherein the context-based coder is
operative to map a number to a given one of said set of bins by assigning the bin to the first

value.

39. (Previously presented) A system according to claim 37, wherein the first value is 1 and the

second value is 0.

40. (Previously presented) A system according to claim 37, wherein the context-based coder is
operative to assign the first number of a number pair to a context at least partly in dependence on

the bin to which the first number of said number pair is mapped.

41, (Currently amended) A deviee-gsystem according to claim 16, wherein said first number is
indicative of a non-zero coefficient value and sald second number is indicative of a number of

consecutive zero coefficient values preceding said non-zero coefficient value.

42. (Previously presented) A system according to claim 21, wherein the context-based coder is
operative to map the second numbers of said number pairs to a set of bins, each of which can be

assigned to one of either a first or a second value.

43. (Previously presented) A system according to claim 42, wherein the context-based coder is
operative to map a number to a given one of said set of bins by assigning the bin to the first

value.

10
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44. (Previously presented) A system according to claim 42, wherein the first value is 1 and the

second value is 0.

45, (Previously prescntcd) A system according to claim 42, wherein the context-based coder is
operative to assign the second number of a number pair to a context at least partly in dependence

on the bin to which the second number of the number pair is mapped.

46. (Previously presented) A system according to claim 19, wherein said first number is
indicative of a non-zero coefficient value and said second number is indicative of a number of

consecutive zero coefficient values preceding said non-zero coefficient value.

47. (Previously presented) A method of context-based arithmetic encoding in which an array of
data symbols is represented with a code-word, the method comprising:

representing the data symbols in said array as number pairs comprising a first number and
a second number; and |

assigning the first number of a first number pair to a context selected from a plurality of
contexts representative of the first numbers at least partly in dependence on a first number of a

second number pair.

48. (Previously presented) A method of context-based arithmetic encoding in which an array of
data symbols is represented with a code-word, the method comprising:

representing the data symbols in said array as number pairs comprising a first number and
a second nurnber;

assigning the second number of a number pair to a context selected from a plurality of
contexts representative of the second numbers at least partly in dependence on the first number

of the number pair.

49. (Previously presented) A context-based arithmetic encoder operative to represent an array of
data symbols with a code-word and comprising;
a run-level coder for rcprcsenﬁng the data symbols in said array as number pairs -

comprising a first number and a second number;

11
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a context assigner for assigning the first number of a first number pair to a context
“ selected from a plurality of contexts representative of the first numbers at least partly in

dependence on a first number of a second number pair.

30. (Previously presented) A context-based arithmetic encoder operative to represent an array of
data symbols with a code-word and comprising:

a run-level coder for representing the data symbols in said array as number pairs
comprising a first number and a second number; _

a context assigner for assigning the second number of a number pair to a context selected
from a plurality of contexts representative of the second numbers at least partly in dependence on

the first number of the number pair.

12
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REMARKS

This paper requests entry of an amendment correcting some reference labels in the
specification and changing some of the claims, namely claims 16-18, 36-37 and 41, to recite a
system, instead of a device, in the preamble. In claim 16 the word "pairs” is changed to --pair--
(so as to correspond to a change made in a previous amendment).

Applicant respectfully requests that the amendment be entered, and respectfully submits
that all of the élajms are in condition for allowance and that a supplementary notice of allowance
be issued.

Respectfully submitted,

James A. Retter
Attorney for the Applicant
Registration No. 41,266

WARE, FRESSOLA, VAN DER SLUYS
& ADOLPHSON LLP

Bradford Green, Building Five

755 Main Street, P.O. Box 224

Monroe, CT 06468

Telephone: (203) 261-1234

Facsimile: (203) 261-5676

USPTO Customer No. 004955
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FIG. 8a
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. :6,856,701 B2 Page 1 of 1
DATED : February 15, 2005
INVENTOR(S) : Karczewicz et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Column 30
Line 61, “first number of a first number pair” should be -- second number of a number

pair --.

Signed and Sealed this

Twenty-first Day of June, 2005

WD

JON W. DUDAS
Director of the United States Patent and Trademark Office
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AQ 120 (Rev. 08/10)

TO: Mail Stop 8 REPORT ON THE
' Director of the U.S. Patent and Trademark Office FILING OR DETERMINATION OF AN
P.O. Box 1450 ACTION REGARDING A PATENT OR
Alexandria, VA 22313-1450 TRADEMARK
In Compliance with 35 U $.C.§290 and/or 15U S.C.§ 1116 you are hereby advised that a court action has been
filed in the U.S. District Court Eastern District of Texas on the following
[ Trademarks or [ Patents. ([ the patent action involves 35 U.S.C. §292.):
DOCKET NO. DATE FILED U.S. DISTRICT COURT
2:16-cv-1440 12/21/2016 Eastern District of Texas
PLAINTIFF DEFENDANT
Nokia Technologies OY and Alcatel-Lucent USA InC. Apple Inc.
PATENT OR DATE OF PATENT . - - .
TRADEMARK NO. OR TRADEMARK HOLDER OF PATENT OR TRADEMARK
1 6,680,974 1/20/2004 Alcatel-Lucent USA Inc.
2 6,711,211 3/23/2004 Nokia Technologies Oy
3 6,856,701 2/15/2005 Nokia Technologies Oy
4 6,950,469 9/27/2005 Nokia Technologies Oy
5 6,068,005 11/22/2005 Nokia Technologies Oy
In the above—entitled case, the following patent(s)/ irademark(s) have been included:
DATE INCLUDED INCLUDED BY
[] Amendment [ Answer [ Cross Bill [ Other Pleading
PATENT OR DATE OF PATENT S ATENT OR T -
TRADEMARK NO. OR TRADEMARK HOLDER OF PATENT OR TRADEMARK
1 7,532,808 5/12/2009 Nokia Technologies Oy
2 8,036,273 10/11/2011 Nokia Technologies Oy
3 8,144,764 3/27/2012 Nokia Technologies Oy
4
5
In the above—-entitled case, the following decision has been rendered or judgement issued:
DECISION/JUDGEMENT
CLERK (BY) DEPUTY CLERK DATE

Copy 1—Upon initiation of action, mail this copy to Director Copy 3—Upon termination of action, mail this copy to Director
Copy 2—Upon filing document adding patent(s), mail this copy to Director Copy 4—Case file copy
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Case 2:16-cv-01440 Document 3 Filed 12/21/16 Page 1 of 1 PagelD #: 366

AQO 120 (Rev. 08/10;

T0:

Mail Stop 8

Director of the 1.5, Patent and Trademark Office

P.0. Box 1450

Alexandria, VA 22313-1450

REPORT ON THE

FILING OR DETERMINATION OF AN
ACTION REGARDIRG A PATENT OR

TRADEMARK

In Compliance with 35 U.5.C. § 290 and/or 15 U.5.C. § 1116 you are hereby advised that a court action has been

filed in the U.S. Disirict Court

Eastern District of Texas

on the following

] Trademarks or W Patents.  ( [ the patent action involves 35 U.5.C. § 202.):
DOCKET NO. DATE FILED 1.8, DISTRICT COURT

2:16-0v-1440

12/21/2016

Eastern District of Texas

PLAINTIFF

Nokia Technologies OY and Alcatel-Lucent USA Inc.

DEFENDANT
Apple Inc.

I 6,680,974 1/20/2004 Alcatel-Lucent USA Inc.
28,711,211 3/23/2004 Nokia Techroiogies Oy
3 8,856,701 2/15/2005 Nokia Technologiss Oy
4 6,950,469 B/27/2005 Mokia Technologies Oy
5 6,968,005 11/22/2005 Nokia Technologiss Oy

In the above—entitled case, the following patent(s)/ trademark(s) have been included:

DATE INCLUDED

INCLUDED BY

1 Amendment

[ Answer

[ Cross Bill

[] Other Pleading

PATENT OR
TRADEMARK NO.

DATE OF PATENT
OR TRADEMARK

HOLDER OF PATENT OR TRADEMARK

P 7,532,808

5/12/2009

Nokia Technologies Oy

2 8,036,273 10/11/72011 Nokia Technologies Oy
38,144,764 372772012 Nokia Technologiss Oy
4
5

In the above——entitled case, the following decision has been rendered or judgement issued:

DECISIONAUDGEMENT

CLEEK

(BY) PEPUTY CLERK DATE

Copy I—Upon initiatien of action, wail this copy te Birector
Copy 2 pen filing document adding patent(s), mail this copy to Birector

Caopy 3—1/pon termmination of action, mail this copy to Director
Copy 4-—Case file copy
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AO 120 (Rev. 08/10)

TO: Mail Stop 8 REPORT ON THE
) Director of the U.S. Patent and Trademark Office FILING OR DETERMINATION OF AN
P.O. Box 1450 ACTION REGARDING A PATENT OR
Alexandria, VA 22313-1450 TRADEMARK

in Compliance with 35 U.S.C. § 290 and/or 15 U.S.C. § 1116 you are hereby advised that a court action has been
filed in the U.S. District Court ' Eastern District of North Carolina on the following

[0 Trademarks or A Patents. ( [ the patent action involves 35 U.S.C. § 292.%:

DOCKET NO. DATE FILED U.S, DISTRICT COURT ‘
5:19-CV-427-BO 9/25/2019 Eastern District of North Carclina
PLAINTIFF DEFENDANT
Nokia Technologies Oy Lencvo (Shanghai) Electronics Technology Co., Ltd. et al
PATENT OR DATE OF PATENT
TRADEMARK NO. OR TRADEMARK HOLDER OF PATENT OR TRADEMARK

' &, 856,70/

2 Ce/ (}SOJ YT

3 Loy 8, 50 S

47,2063, /35

57, 2%0, 599

In the above—entitled case, the following patent(s)/ trademark(s) have been included:

DATE INCLUDED -|INCLUDED BY .
O Amendment [0 Answer [ Cross Bill [d Other Pleading
PATENT OR DATE OF PATENT
TRADEMARK NO. OR TRADEMARK HOLDER OF PATENT OR TRADEMARK

17,533, ¥0¢

2 7, 724, 9%

3 ?_/03(4;/ 273

43, /¢, 16 Y

9,300, 59/

In the above—entitled case, the following decision has been rendered or judgement issued:

DECISIONJUDGEMENT

CLERK (BY) DEPUTY CLERK DATE

PETER A. MOORE, JR. 9/26/2019
Morinbabl Lpet

Copy 1—Upon initiation of action, mail this copy to Director Copy 3—Upon termination of action, mail this copy to Director
Copy 2—Upon filing decument adding patent(s), mail this copy to Director Copy 4—Case file copy

Case 5:19-cv-00427-BO Document 6 Filed 09/26/19 Page 1 of 1
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