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1. My name is June Ann Munford. I am over the age of 18, have personal
knowledge of the facts set forth herein, and am competent to testify to the

samece.

2. Tearned a Master of Library and Information Science (MLIS) from the
University of Wisconsin-Milwaukee in 2009. I have over ten years of
experience in the library/information science field. Beginning in 2004, I
have served in various positions in the public library sector including
Assistant Librarian, Youth Services Librarian and Library Director. [ have

attached my Curriculum Vitae as Appendix CV.

3. During my career in the library profession, I have been responsible for
materials acquisition for multiple libraries. In that position, I have cataloged,
purchased and processed incoming library works. That includes purchasing
materials directly from vendors, recording publishing data from the material
in question, creating detailed material records for library catalogs and
physically preparing that material for circulation. In addition to my
experience in acquisitions, I was also responsible for analyzing large

collections of library materials, tailoring library records for optimal catalog



search performance and creating lending agreements between libraries

during my time as a Library Director.

. I am fully familiar with the catalog record creation process in the library
sector. In preparing a material for public availability, a library catalog record
describing that material would be created. These records are typically
written in Machine Readable Catalog (herein referred to as “MARC”) code
and contain information such as a physical description of the material,
metadata from the material’s publisher, and date of library acquisition. In
particular, the 008 field of the MARC record is reserved for denoting the
date of creation of the library record itself. As this typically occurs during
the process of preparing materials for public access, it is my experience that

an item’s MARC record indicates the date of an item’s public availability.

. Typically, in creating a MARC record, a librarian would gather various bits
of metadata such as book title, publisher and subject headings among others
and assign each value to a relevant numerical field. For example, a book’s
physical description is tracked in field 300 while title/attribution is tracked in
field 245. The 008 field of the MARC record is reserved for denoting the
creation of the library record itself. As this is the only date reflecting the

inclusion of said materials within the library’s collection, it is my experience



that an item’s 008 field accurately indicates the date of an item’s public

availability.

. I'have reviewed Exhibit SAMSUNG-1007, “A Unified Approach to
Restoration, Deinterlacing and Resolution Enhancement in Decoding
MPEG-2 Video” by Bo Martins and Soren Forchhammer as published in

IEEE Transactions on Circuits and Systems for Video Technology,

September 2002.

. Attached hereto as Appendix MARTINSOI is a true and correct copy of the
MARC record for IEEE Transactions on Circuits and Systems for Video
Technology as held by the Carnegie Library of Pittsburgh. I secured this
record myself from the library’s public catalog. The MARC record
contained within Appendix MARTINSO1 accurately describes the title,
author, publisher, and ISSN number of /IEEE Transactions on Circuits and
Systems for Video Technology. The ‘Lib Has’ field of this record visible on
page 2 indicates this collection includes the September 2002 edition of /EEE
Transactions on Circuits and Systems for Video Technology containing “A
Unified Approach to Restoration, Deinterlacing and Resolution

Enhancement in Decoding MPEG-2 Video™.



8. Attached hereto as Appendix MARTINSO?2 is a true and correct copy of “A
Unified Approach to Restoration, Deinterlacing and Resolution
Enhancement in Decoding MPEG-2 Video™ as published in /IEEE
Transactions on Circuits and Systems for Video Technology as held by the
Carnegie Library of Pittsburgh. I secured these scans myself from the
library’s collection. In comparing Exhibit SAMSUNG-1007 to Appendix
MARTINSO02, it is my determination that Exhibit SAMSUNG-1007 is a true
and correct copy of “A Unified Approach to Restoration, Deinterlacing and
Resolution Enhancement in Decoding MPEG-2 Video” by Bo Martins and
Soren Forchhammer as published in /EEE Transactions on Circuits and

Systems for Video Technology September 2002.

9. The 008 field of the MARC record in Appendix MARTINSO1 indicates the
date of record creation. The 008 field of Appendix MARTINSO1 indicates
the Carnegie Library of Pittsburgh first acquired this journal as of July 24,
1990 and held the journal in perpetuity until 2009. Considering this
information, it is my determination that /EEE Transactions on Circuits and
Systems for Video Technology September 2002 and therefore “A Unified
Approach to Restoration, Deinterlacing and Resolution Enhancement in
Decoding MPEG-2 Video” was made available to the public shortly after its

initial release in September 2002.



10.1 have reviewed Exhibit SAMSUNG-1010 “Overview of the Scalable Video
Coding Extension of the H.264/AVC Standard” by Heiko Schwarz, Detlev
Marpe and Thomas Wiegand as published in IEEE Transactions on Circuits

and Systems for Video Technology, September 2007.

11.Attached hereto as Appendix SCHWARZO01 is a true and correct copy of the
MARC record for IEEE Transactions on Circuits and Systems for Video
Technology as held by the Carnegie Library of Pittsburgh. I secured this
record myself from the library’s public catalog. The MARC record
contained within Appendix SCHWARZO01 accurately describes the title,
author, publisher, and ISSN number of IEEE Transactions on Circuits and
Systems for Video Technology. The ‘Lib Has’ field of this record visible on
page 2 indicates this collection includes the September 2007 edition of /EEE
Transactions on Circuits and Systems for Video Technology containing
“Overview of the Scalable Video Coding Extension of the H.264/AVC

Standard”.

12.Attached hereto as Appendix SCHWARZO?2 is a true and correct copy of
“Overview of the Scalable Video Coding Extension of the H.264/AVC

Standard” as published in /EEE Transactions on Circuits and Systems for



Video Technology as held by the Carnegie Library of Pittsburgh. I secured
these scans myself from the library’s collection. In comparing Exhibit
SAMSUNG-1010 to Appendix SCHWARZO02, it is my determination that
Exhibit SAMSUNG-1010 is a true and correct copy of “Overview of the
Scalable Video Coding Extension of the H.264/AVC Standard” by Heiko
Schwarz, Detlev Marpe and Thomas Wiegand as published in /EEE
Transactions on Circuits and Systems for Video Technology September

2007.

13.The 008 field of the MARC record in Appendix SCHWARZO1 indicates the
date of record creation. The 008 field of Appendix SCHWARZO01 indicates
the Carnegie Library of Pittsburgh first acquired this journal as of July 24,
1990 and held the journal in perpetuity until 2009. Considering this
information, it is my determination that /EEE Transactions on Circuits and
Systems for Video Technology September 2007 and therefore “Overview of
the Scalable Video Coding Extension of the H.264/AVC Standard” was
made available to the public shortly after its initial release in September

2007.

14.1 have reviewed Exhibit SAMSUNG-1006 “Spatial Scalability Within the

H.264/AVC Scalable Video Coding Extension” by C. Andrew Segall and



Gary J. Sullivan as published in /IEEE Transactions on Circuits and Systems

for Video Technology, September 2007.

15.Attached hereto as Appendix SEGALLO1 is a true and correct copy of the
MARC record for IEEE Transactions on Circuits and Systems for Video
Technology as held by the Carnegie Library of Pittsburgh. I secured this
record myself from the library’s public catalog. The MARC record
contained within Appendix SEGALLO1 accurately describes the title,
author, publisher, and ISSN number of IEEE Transactions on Circuits and
Systems for Video Technology. The ‘Lib Has’ field of this record visible on
page 2 indicates this collection includes the September 2007 edition of /IEEE
Transactions on Circuits and Systems for Video Technology containing
“Spatial Scalability Within the H.264/AVC Scalable Video Coding

Extension”.

16.Attached hereto as Appendix SEGALLO?2 is a true and correct copy of
“Spatial Scalability Within the H.264/AVC Scalable Video Coding
Extension” as published in /EEE Transactions on Circuits and Systems for
Video Technology as held by the Carnegie Library of Pittsburgh. I secured
these scans myself from the library’s collection. In comparing Exhibit

SAMSUNG-1006 to Appendix SEGALLO02, it is my determination that



Exhibit SAMSUNG-1006 is a true and correct copy of “Spatial Scalability
Within the H.264/AVC Scalable Video Coding Extension” by C. Andrew
Segall and Gary J. Sullivan as published in /EEE Transactions on Circuits

and Systems for Video Technology September 2007.

17.The 008 field of the MARC record in Appendix SEGALLO1 indicates the
date of record creation. The 008 field of Appendix SEGALLO1 indicates the
Carnegie Library of Pittsburgh first acquired this journal as of July 24, 1990
and held the journal in perpetuity until 2009. Considering this information, it
1s my determination that /EEE Transactions on Circuits and Systems for
Video Technology September 2007 and therefore “Spatial Scalability Within
the H.264/AVC Scalable Video Coding Extension” was made available to

the public shortly after its initial release in September 2007.

18.1 have been retained on behalf of the Petitioner to provide assistance in the
above-illustrated matter in establishing the authenticity and public
availability of the documents discussed in this declaration. I am being
compensated for my services in this matter at the rate of $200.00 per hour
plus reasonable expenses. My statements are objective, and my

compensation does not depend on the outcome of this matter.



19.1 declare under penalty of perjury that the foregoing is true and correct. I
hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to
be true; and further that these statements were made the knowledge that
willful false statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the United States

Code.

Dated: 1/7/2024

/7
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i
N

June Ann Munford
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June A. Munford
Curriculum Vitae

Education

University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009
Milwaukee, WI

e Coursework included cataloging, metadata, data analysis, library systems,
management strategies and collection development.
e Specialized in library advocacy, cataloging and public administration.

Grand Valley State University - BA, English Language & Literature, 2008
Allendale, MI

e Coursework included linguistics, documentation and literary analysis.
e Minor in political science with a focus in local-level economics and
government.

Professional Experience

Researcher / Expert Witness, October 2017 — present
Freelance e Pittsburgh, Pennsylvania & Grand Rapids, Michigan

e Material authentication and public accessibility determination.

Declarations of authenticity and/or public accessibility provided upon
research completion. Experienced with appeals and deposition process.

e Research provided on topics of public library operations, material
publication history, digital database services and legacy web resources.

e Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish &
Richardson, Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie,
Pillsbury Winthrop Shaw Pittman and Slayden Grubert Beard.

Library Director, February 2013 - March 2015
Dowagiac District Library @ Dowagiac, Michigan

e Executive administrator of the Dowagiac District Library. Located in

12



Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.

e Developed careful budgeting guidelines to produce a 15% surplus during
the 2013-2014 & 2014-2015 fiscal years while being audited.

e Using this budget surplus, oversaw significant library investments
including the purchase of property for a future building site, demolition of
existing buildings and building renovation projects on the current facility.

e [ ed the organization and digitization of the library's archival records.

e Served as the public representative for the library, developing business
relationships with local school, museum and tribal government entities.

e Developed an objective-based analysis system for measuring library
services - including a full collection analysis of the library's 50,000+
circulating items and their records.

November 2010 - January 2013
Librarian & Branch Manager, Anchorage Public Library ® Anchorage, Alaska

e Headed the 2013 Anchorage Reads community reading campaign
including event planning, staging public performances and creating
marketing materials for mass distribution.

® Co-led the social media department of the library's marketing team,
drafting social media guidelines, creating original content and instituting
long-term planning via content calendars.

e Developed business relationships with The Boys & Girls Club, Anchorage
School District and the US Army to establish summer reading programs for
children.

June 2004 - September 2005, September 2006 - October 2013
Library Assistant, Hart Area Public Library
Hart, MI

e Responsible for verifying imported MARC records and original MARC

13



cataloging for the local-level collection as well as the Michigan Electronic
Library.

e Handled OCLC Worldcat interlibrary loan requests & fulfillment via
ongoing communication with lending libraries.

Professional Involvement

Alaska Library Association - Anchorage Chapter
e Treasurer, 2012

Library Of Michigan
e [ evel VII Certification, 2008
e Level II Certification, 2013

Michigan Library Association Annual Conference 2014
e New Directors Conference Panel Member

Southwest Michigan Library Cooperative
e Represented the Dowagiac District Library, 2013-2015

Professional Development

Library Of Michigan Beginning Workshop, May 2008

Petoskey, M1
e Received training in cataloging, local history, collection management,
children’s literacy and reference service.

Public Library Association Intensive Library Management Training, October 2011
Nashville, TN
e Attended a five-day workshop focused on strategic planning, staff
management, statistical analysis, collections and cataloging theory.

Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012
Fairbanks, AK
e Attended seminars on EBSCO advanced search methods, budgeting,
cataloging, database usage and marketing.

14



Depositions

2019 e Fish & Richardson

Apple v. Qualcomm (IPR2018-001281, 39521-004211P, [PR2018-01282
and 39521-004211P2)

2019 e Erise IP
Implicit, LLC v. Netscout Systems, Inc (Civil Action No. 2:18-cv-53-JRG)

2019 e Perkins-Coie
Adobe Inc. v. RAH Color Technologies LLC (Cases IPR2019-00627,
[PR2019-00628, IPR2019-00629 and IPR2019-00646)

2020 e O’Melveny & Myers
Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS)

2021 e Pillsbury Winthrop Shaw Pittman LLP
Intel v. SRC (IPR2020-1449)
2022 e Perkins-Coie
Realtek v. Future Link (IPR2021-01182)
2023 e Fish & Richardson
Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040)
2023 e Fish & Richardson
Nearmap US Inc. v. Pictometry International Corp. (IPR2022-00735)
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Limited Case History & Potential Conflicts

Alston & Bird
e Ericsson

v. Collision Communications (IPR2022-01233)

e Nokia
v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876)

Arnold & Porter
e [vantis
v. Glaukos (Case No. 8:18-cv-00620)
e Samsung

v. Jawbone (Case No. 2:21-cv-00186)

Benesch Friedlander Coplan & Aronoff
® Voyis
v. Cathx (Case No. 5:21-cv-00077-RWS)

Erise 1.P.
e Apple

v. Ericsson Inc. (IPR2022-00715)

v. Future Link Systems (IPRs 6317804, 6622108, 6807505, and
7917680)

v. INVT (Case No.20-1881)
v. Navblazer LLC (IPR2020-01253)

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG)
v. Telefonaktiebolaget LM Ericsson (IPR2022-00275)
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e Fanduel

v. CGT (Case No. 19-1393)
e Garmin

v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS)
e Netscout

v. Longhorn HD LLC (Case No. 2:20-cv-00349)

v. Implicit, LLC (Civil Action No. 2:18-cv-53-JRG)
e Sony Interactive Entertainment LLC

v. Bot M8 LLC (IPR2020-01288)

v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG)
e Unified Patents

v. GE Video Compression (Civil Action No. 2:19-cv-248)

Fish & Richardson
e Apple
v. AliveCor (3:21-cv-03958)
v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP)
v. Koss Corporation (IPR2021-00305)

v. Masimo (IPR 50095-0012IP1, 50095-00121P2, 50095-0013IP1,
50095-00131P2, 50095-00061P1)

v. Neonode (Case No. 21-cv-08872-EMC)

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

e Dell
v. Neo Wireless (IPR2022-00616)
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e Dish Network
v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RB)J)
v. TQ Delta LLC (Case No. 18-1798)
e Evapco Dry Cooling
v. SPG Dry Cooling (IPR2021-00688)
e Genetec
v. Sensormatic Electronics (Case No. 1:20-CV-00760)
e Huawei
v. Bell Northern Research LLC (IPR2019-01174)
e Kianxis
v. Blue Yonder (Case No. 3:20-cv-03636)
e .G Electronics
v. Bell Northern Research LLC (Case No. 3:18-cv-2864-CAB-BLM)
e Metaswitch
v. Sonus Networks (IPR2018-01719)
e Microsoft
v. Throughputer Inc (IPR2022-00757)
e MLC Intellectual Property
v. MicronTech (Case No. 3:14-cv-03657-SI)
e Nearmap Inc
v. EagleView Technologies (IPR2022-01009)
e Neuroderm Ltd.
v. Abbvie, Inc (Case No. PGR2022-00040)
e Realtek Semiconductor

v. Future Link (IPR2021-01182)
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® Quectel
v. Koninklijke Philips (Case No. 1:20-cv-01710)
e Samsung
v. Aire Technology (IPR2022-00877)
v. Bell Northern Research (Case No. 2:19-cv-00286-JRG)
v. Communication Technologies Inc (IPR2022-01221)
v. Jawbone Innovations (IPR2022-00865)
v. MemoryWeb LLC (IPR2022-00885)
v. Telefonaktiebolaget LM Ericsson (IPR2021-00615)
e Texas Instruments
v. Vantage Micro LLC (IPR2020-01261)
e Xilinx

v. Sentient Sensors LCC (Case No. 1:22-cv-00173)

Irell & Manella

e Curium

O’Melveny & Myers
e Apple
v. Maxell (Case No. 5:19-cv-00036-RWS)

Perkins-Coie
e Heru Industries
v. The UAB Research Foundation (IPR2022-01148)
e Realtek Semiconductor

v. Future Link (IPR2021-01182)
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e Twitter Inc
v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD)
e TCL Industries

v. Koninklijke Philips NV (IPR2021-00495, IPR2021-00496
and IPR2021-00497)

Pillsbury Winthrop Shaw Pittman

e Intel

v. FG SRC LLC (Case No. 6:20-cv-00315)

e (Gravel Rating Systems

v. Costco (Case No. 4:21-cv-149)

v. Lowe’s Home Centers (Case No. 4:21-cv-150)
v. T-Mobile USA (Case No. 4:21-cv-152)

v. Kohl’s Inc. (Case No. 4:21-cv-258)

v. Under Armor (Case No. 4:21-cv-356)
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NS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 12, NO. 9, SEPTEMBER 2002

sactions Letters

—The quality and spatial resolution of video can be

combining multiple pictures to form a single super-
ure. We address the special problems associated
of varighle but somehow parameterized quality

3-decoded video. Our algorithm provides a unified
chrominance upsampling, deinterlacing,
enhancement, A decoded MPEG-2 sequence for
standard definition television (SDTV) in 4:2:0 is
p: 1) improved quality interlaced SDTV in 4:2:0; 2)

| SDTV in 4:4:4; 3) progressive SDTV in 4:4:4; 9)

' 4-8 Mb/s. The algorithm is based on motion-compen-
atial upsampling from multiple images and decimation
red format. The processing involves an estimated
 individual pixels based on MPEG image type and local
n value. The mean-squared error (MSE) is reduced,
the directly decoded sequence, and annoying ringing
cluding mosquito noise are effectively suppressed. The
tion pictures obtained by the algorithm are of much
quality and have lower MSE than superresolution

ained by simple spatial interpolation.

Terms—Deinterlacing, enhanced decoding, motion-com-
 processing, MPEG-2, SDTV to HDTYV conversion, video

1. INTRODUCTION

F PEG-2 [1] is currently the most popular method for com-
pressing digital video. It is used for storing video on
versatile disks (DVDs) and it is used in the contribu-
distribution of video for TV. We base this paper on the
reference software encoder [2] for which a bit rate of
s yields a quality which is equivalent to (analog) distri-
se alternating line (PAL) TV quality. Lower bit rates
used in TV distribution to save bandwidth and because
al encoders may provide better quality than the refer-
ware.
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ed Approach to Restoration, Deinterlacing and Resolution Enhancement
in Decoding MPEG-2 Video

Bo Martins and Sgren Forchhammer

At these bit rates, a sequence decoded from an MPEG-2 bit-
stream is of lower quality than the original digital sequence in
terms of sharpness and color resolution but still acceptable (ex-
quality is less annoying to a human observer than the artifacts
typically found in compressed video. The most annoying ar-
tifacts are ringing artifacts' and in particular mosquito noise,
which occurs when the appearance of the ringing changes from
picture to picture.

The primary goal of this paper is to improve MPEG-2 de-
coding, or rather to postprocess the decoded sequence re-using
information in the MPEG-2 bitstream to obtain a sequence of
higher fidelity, especially with regard to the artifacts. The re-
sulting output is a sequence in the same format as the directly
decoded one. which in our case is interlaced standard TV in
4:2:0. In addition, we demonstrate how the approach can be
used to obtain progressive (deinterlaced) or high-definition TV
(HDTV) from the same bitstream. This also facilitates features
such as frame freeze and zoom.

Previous work on postprocessing includes projections onto
convex sets (POCS) [3] and regularization [4). For low-bit-rate
(high compression) JPEG-compressed still images and
MPEG-1-coded moving pictures, the main artifact is blocking,
i.e.. visible discontinuities at coding block boundaries. This
artifact can be dealt with efficiently using the POCS frame-
work [5], as well as by other methods [6]. By regularization,
POCS constraints can be combined with “soft” assumptions
about the sequence. Thus, Choi et al. [4] restored very-low
bit-rate video encoded by H.261 and H.263 according to the
following desired (soft) properties: 1) smoothness across block
boundaries; 2) small distance between the directly decoded
sequence and the reconstructed sequence; and 3) smoothness
along motion trajectories. Elad and Feuer [7] presented a
unified methodology for superresolution restoration requiring
explicit knowledge of parameters as warping and blurring. As
this knowledge is not available in our case, we do not take the
risk of processing based on estimating such parameters. Patti ef
al. [8] also addressed the superresolution problem in a general
setting modeling the system components. They applied POCS
performing projections for each pixel of each reference image
in each iteration. Recently [9] this approach was modified to
obtain superresolution from images of an MPEG-1 sequence
captured by a specific video camera. Projections were carried

IRinging artifacts are caused by the quantization error of high-frequency con-
tent, e.g., at edges. They appear as ringing adjacent to the edge.
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out in the transform domain. Our goal is to develop simpler
techniques (which could be combined with POCS).

The starting point of our work is the sequence decoded by
an ordinary MPEG-2 decoder [2]. The material to be processed
in this paper is of higher quality than MPEG-1 material or the
low-bit-rate material of [4]. Consequently, there is a higher risk
of degrading the material. Enforcing assumptions of smoothness
of the material will almost surely lead to a decrease of sharpness.
The basic idea of our restoration scheme is to apply a conser-
vative form of filtering along motion trajectories utilizing the
assumed quality of the pixels on each trajectory. The assumed
quality of each pixel in the decoded sequence is given by the
MPEG picture structure (i.e., what type of motion compensation
is applied) and the quantization step size for the corresponding
macroblock.

The aigorithm has two steps. In the first step, a superreso-
lution version (default is quadruple resolution) of each directly
decoded picture? is constructed. In the second step, the super-
resolution picture is decimated to the desired format, Depending
on the degree of decimation of the chrominance and luminance
in the second step, the problem addressed is one of restoration,
chrominance upsampling, deinterlacing, or resolution enhance-
ment, e.g., conversion to HDTV. The aim in restoration is to en-
hance the decoding quality. For the other applications, the reso-
lution is also enhanced,

In the first part of the upsampling, directly decoded pixels are
placed very accurately in a superresolution picture before fur-
ther processing. This approach is motivated by the fact that the
individual pictures of the original sequence are undersampled
[9]. [10]. We do not want to trade resolution for improved peak
signal-to-noise ratio (PSNR) by spatial filtering at this stage so
the noise reducing filtering is deferred to the decimation step.

The paper is organized as follows. In Section 11, a quality
value is assigned to each pixel in the decoded sequence. Part
one (upsampling) of our enhancement algorithm is described in
Section 1. The second part (decimation) is described in Sec-
tion IV. Results on a number of test sequences are presented in
Section V.

II. PROCESSING BASED ON MPEG-QUALITY

MPEG-2 [1] partitions a picture into 16x 16 blocks of picture
material (macroblocks). A macroblock is usually predicted from
one or more reference pictures. The different types of pictures
are referred to as I, P, and B pictures. I pictures are intracoded,
i.e., no temporal prediction. Macroblocks in P pictures may be
unidirectionally predicted and macroblocks in B pictures may
be uni- or bidirectionally predicted, (Macroblocks in B and P
pictures may also be intracoded as macroblocks in I-pictures.)

The error block, resulting from the prediction, is partitioned
into four luminance and two, four, or eight chrominance blocks
of 8 x 8 pixels, depending on the format. For the 4: 2 : 0 format,
each macroblock has two chrominance blocks. The discrete co-
sine transform (DCT) is applied to each 8 x 8 block. The DCT
coefficients are subjected to scalar quantization before being
coded to form the bitstream.

?In this paper, all pictures are field pictures.
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A. Quality Measure for Pixels in an MPEG Sequenc,

From the MPEG code stream, the type (I, P. o B) and e
quantization step size are extracted for each macroblock, Baen .
on this information, we shall estimate a quality Parametep fq.
each pixel which is used in a motion-compensated | MC) fil.
tering. MPEG specifies the code-stream syntax byt n0L the gnat
coder itself. Our work is based on the reference MPEG.2 Soft.
ware encoder [2], for which the quantizers may be ., aractep.
ized as follows. The nonintra quantizer used for DCT coefficign
C(t, j) is (very close to) a uniform quantizer with Quantization
step ¢, and a deadzone of 2¢, around zero. The intr, uantizey
used for DCT coefficient C(i, j) has a deadzone of 5/ %0, j)
around zero. For larger values, it is a uniform quantizer With

quantization step ¢,(7, j), and the dequantizer reconstruction

pointhasabias of 18 5. (7 1) toward zero. In [2], as is usually

the case, all DCT coefficients in all blocks are being quantizeg
independently as scalars.

The mean-squared error (MSE) caused by the quantization
depends on the distribution of C(i, 7). This distributi. Varies
with the image content and is hard to estimate accurately, We
may approximate the expected error by the expression for a upi.
form distribution of errors, within each quantization interval, re-
sulting from a uniform quantizer with quantization step g, ap-
plied to C(1, j)

E{(C(i,j) g (3 -j))z} E %qf.

This expression may underestimate the error as it neglects the
influence of the dead zone, and it may overestimate the crror as
the distribution of C'(4, ) is usually quite peaked arour.! zero,
especially for the high frequencies.

The DCT transform is unitary (when appropriate scaling is
applied). Thus, the sum of squares over a block is the same in
the DCT and spatial domains. Applying this to the quantization
errors and introducing the expected values gives the following
relationship for each DCT block:

(1

m=7,n=7

E E {(X{m. n) — X(m, ”))2}
m=0, n=0 =7 a7 > 2} .
= E{(G(s.. i) =€, ) | @
=0, j=0

where the DCT coefficients C'(1, j) are scaled as specified in (1]
(Annex A) and X (m, n) denotes the pixel value variables. As
an approximation, we assume that the expected squared quan-
tization errors are the same for all the pixel positions (11, 1)
within the DCT block. Based on this assumption, the expected
value of the squared error for pixel z(m. n) is given by

E {(X(m. n) — X(m, n}) 2}

E {(C[i. ) = €, j})z} 3)

1 =T, i=T
== z

i=0, =0

for all n, m within the DCT block having coefficients C(i. J)-
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‘measured for sequence table as a function of the quantization step
using natural logarithms). For intra pictures, ¢, is defined as
on step size for the DCT coefficient at (1, 1).

depicts the logarithm of the MSE as a function of
- the luminance component of 1, B, and P pictures.
reflects the fact that bidirectional prediction is better
ectional prediction, and that intra pictures and non-
are different. It is noted that we can use the ex-
) as a general approximation for the MSE of picture
long as we replace ¢, with q.r,, where ry is aconstant
ends on the picture type, i.e.

. k 2 1 :
(m, n) — X(m, u)) } = ﬁqz. q 2 gety. (4)

e data in Fig. 1, we measure rg = 1, rp = 1.2, and
. These values are used in all the experiments reported.
and nonintra quantization matrices used [2] are dif-
s is, in part, addressed by the values of r,. [The value
measured with ¢, defined as the quantization step size
1).] The normalized quantization parameters, ¢ in (4)
the quality value we assign to each pixel within the
1is measure is only used for relative comparisons and
1 absolute measure. It could be improved by taking the
frequency content into account, as well as the precise
on for each coefficient.

al, pixels in the interior of an 8 x 8 DCT block have
ler MSE than pixels on the border. We could assign a dif-
value of r, for interior pixels and pixels on the border.
ents lead to our decision of ignoring the small differ-
t our (high) bit rates and as an approximation use the same
value (4) for all pixels in a block.

y TII. UPSAMPLING TO SUPERRESOLUTION USING
MOTION COMPENSATION

ess a given (directly decoded) picture we combine the
ation from the current frame and the Ny previous frames
e N; subsequent frames, where Ny is a parameter and
frame consists of two field pictures. We first describe how
n pixels of the current picture at time ¢ with pixels of one
reference pictures using motion estimation. Section I1l-A

cribes how to combine the information from all the ref-
mice pictures to form a single superresolution picture at £. The
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Decode MPEG and
Extract parsmeters

Vertical (V) or V=2V
Horizontal (H)
MC-upsampling (3-5) H=2H

(1i=15)

|

Fig.2. Overview block diagram. MC upsampling alternates between doubling
the resolution vertically and horizontally. Then final step is decimation to the
desired format. Equation numbers are given in (). Dashed line marks control
flow.

term superresolution picture is used to refer to the initial MC up-
sampled high-resolution image. An overview of the algorithm is
given in Fig. 2.

The motion field, relative to one of the reference pictures. is
determined on the directly decoded sequence by block-based
motion estimation using blocks of size 8 x 8. This block size
is our compromise between larger blocks for robustness and
smaller blocks for accuracy, e.g., at object boundaries. A mo-
tion vector is calculated at subpixel accuracy for each pixel g
of the current picture relative to the reference field picture con-
sidered. Based on the position of x and the associated motion
vector, one pixel .. shall be chosen in the reference picture.

The motion vector is found by searching the reference picture
for the best match of the 8x 8 block, which has x positioned as
the lower-right of the four center pixels. The displacements are
denoted by (m + Am, n + An). where (m, n) is the integer
and (Am, An) the (positive) fractional part of the displacement
relative to the position in the current picture. /n + A is the ver-
tical displacement. For a given candidate vector (m + Am, n+
An), each pixel = of the 88 block is matched against an esti-
mated value # which is formed by bilinear interpolation of four
neighboring pixels z(m, n), #,(m+1, n),,(m, n+1), and
a,(m + 1, n + 1) in the reference picture

& =(1-Am)(1-An) z,(m.n) + (1-Am)Anz.(m.n+ 1)
+Am(1-An) z,(m+1,0)+AmAnz.(m+1,n+1)] (5)

where x,(m. n) is the pixel in the reference picture displaced
(m. n) relative to the pixel & in the current picture. (The co-
ordinate systems of the two pictures are aligned such that the
positions of the pixels coincide with the lattice given by the in-
teger coordinates.) The subpixel resolution of the motion field,
specified vertically by V' and horizontally by H, determines the
allowed values of Am and An: Am =0, 1/V, ..., (V=-1)/V.
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and An = 0, 1/H, ..., (H — 1)/H. The best motion vector
(m’ + Am', n' + An') is defined as the candidate vector that
minimizes the sum of the absolute differences (|x — 7|) taken
over the 64 pixels of the block. (How the set of candidate vec-
tors is determined is described in Section II-C.) Let (ml, nl)
be the absolute coordinate of pixel . in the reference picture
obtained by displacing the position of the current pixel zq by
the integer part (m’, n') of the best motion vector. The pixel
value of . is now perceived as a (quantized) sample value of a
pixel at position ((m), — m' — Am")V, (n]. —n’ — An')H)ina
superresolution picture at time ¢ which has V times the number
of pixels vertically and H times the number horizontally rela-
tive to the directly decoded picture.

It is not sufficient, though, to find the best motion vector ac-
cording to the matching criterion as there is no guarantee this is
4 good match. The following criteria is used to decide for each
;. whether it shall actually be placed in the superresolution pic-
ture. We may look at the problem as a lossless data compression
problem (inspired by the minimum description length principle
[11]). Let there be two alternative predictive descriptions of the
pixels of the current 8 x 8 block, one utilizing a block of the ref-
erence picture and one which does not. If the best compression
method that utilizes the reference block is better than the best
method which does not, then we rely on the match, In practice,
we do not know the best data compression scheme, but instead
some of the best compression schemes in the literature may be
used. For lossless still-image coding, we use JPEG-LS |12]. For
lossless compression utilizing motion compensation, we chose
the technique in [13], which may be characterized as JPEG-LS
with motion compensation. For simplicity, the comparison is
based on the sum of absolute differences. The JPEG-LS pre-
dictor [12] is given by

min(a, b). if e > max(a, b)
& = { max(a, b), ifec < min(a. b) (6)
a+b—c, otherwise

where a denotes the pixel to the left of , b denotes the pixel on
top of v, and ¢ the top-left pixel.

We compare the (intra picture) JPEG-LS predictor and the
best MC bilinear predictor (5). If the former yields a better pre-
diction of the pixels of the 8 x 8 surrounding block, we leave the
superresolution pixel undefined (or unchanged) by not inserting
(or modifying) a MC pixel at the position ( (/. —m’ — Am')V,
{1, —n' — An')H).

Checking the match reduces the risk of errors in the motion
compensation process, e.g., at occlusions. Occlusions are also
handled by performing the motion compensation in both di-
rections time wise, and by performing motion compensation at
pixel level. This leads to a fairly robust handling of occlusions
to within 34 pixels of the edge.

A. Forming the Superresolution Picture

The superresolution picture is initially formed by mapping
pixels from each of the reference pictures as described above.
The implemented block-based motion-compensation scheme
is described in Section I1-C. If more than one reference pixel
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maps to the same superresolution pixel, the SUPETTesohutn
pixel is assigned the value of the reference Pixel hayies
smallest value of the normalized quantizario; parg e )
obtained from ¢, and the picture type (4). If (- p‘:':e?
of equal quality (¢), the superresolution pixe] i set EQuai' 3
their average value. We do not define a MC SUPCITesofyting
pixel if the best (i.e., smallest) g is significant] ¥ larger than I'_
normalized quantization value of the current macrob oy ing
directly decoded picture,

Pixels of the current directly decoded picture o priori
higher validity than the reference pixels because 11,
cation in the current picture is known. Let 5 be 4 pixel of tha
directly decoded picture at time ¢ and ; a pixel from g pefans
ence picture aligned with 22 within the uncertainty of the ey
compensation. To estimate a new (superresolution) pixe| ylua.
 at the original sample position of x4, we caleulate g w ci
value i of #; and x; by :

have 4
exact oo

= !n.‘:[ + hamxo. (7)

The filter coefficients in (7) may be estimated in 4 Lraining
session using original data. The (MSE) optimal linc.; filter is
given by solving the Wiener-Hopf equations

(E{szl} E{XIXZ})(;:;) e (

E{X1 X2} E{X2X,}
where X, X, and X, are the stochastic variables of the pixelsin
(7). The variables X, and X, represent quantized pixe! values,
whereas X represents a (superresolution) pixel ata sample posi-
tion in the picture with the original resolution. The Wiener filter I{

E{XX,}\

B{xX,))

coefficients could, alternatively, be computed under the con-
straint that iy + hs = 1 in order to preserve the mean value, In
our experiments on actual data applying (8), Iy + ha was fairly
close to 1, so we just proceeded with these estimates. Given |
enough training data, the second-order mean values in (%) could
be conditioned on the quality of (1. z2), i.e., (q1. g2), and on
the types of the pictures of ; and z, as well as other MPFG pa-
rameters. In this paper, the picture type is reflected by (4) and the
number of free parameters is reduced by fitting a smooth func-
tion to the samples A, (q2/q;). We choose the function below
as it is monotonically increasing in ¢, /¢, from 0 to 1 and as its
behavior can be adjusted by just two parameters as follov -

9)
(10)

By =1-(1- n)lwlq;l"
!l2=l _hl'

The parameter o specifies the a priori weight that z, should
carry. The parameter /4 specifies how much the difference in the
qualities of 2, and x5 should influence . The filter (9) hes the
property that for 0 < o < 1, 4 > 0 and gy, g2 > 0, we have
JEAR PR 1Y

The MC superresolution pixels, which do not coincide with
the sample positions in the current image, maintain the quality
value they were assigned in the reference picture. Pixels in the
original sample positions (22 = x(m. n)), determined by (7)
are assigned the quality value

(1)

=

q(m, n) = hy q1 + haqa.
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undefined piaels
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diagram of MC upsampling doubling the vertical or horizontal
tion numbers are given in (). *Averages as expressed by

ng the Superresolution Picture by Interpolation

diagram of the MC upsampling is given in Fig. 3.
. H ) denote a superresolution picture created by MC
o as described previously. V and H specify the res-
the motion compensation (5). Usually, some of the
Puc(V. H) are undefined because there was no ac-
(of adequate quality) in any of the reference pic-
s¢ pixels are assigned values from an interpolated

jon picture p;(V. I7) having the same resolution
. H). The resulting image is denoted p(V, H). The
(V. H) is created by a 2: 1 spatial interpolation of
olution picture p(V/2. H) (if V = 2H) or the
ion pictare p(V. H/2) (if V = H). This upsam-
nates between horizontal and vertical 2: 1 upsam-

upsampling process is first initialized by setting p(1. 1)
the directly decoded picture which has the original res-
Thereafter, the initialization is completed by defining
pi(2, 1), where p;(2. 1) is created by spatial inter-
1 of p(1., 1). Hereafter, p(2. 2), p(4. 2). and p(4. 4)
created in turn building up the resolution, alternating
horizontal and vertical 2: | upsampling.

odd samples being interpolated in the upsampled picture
ained with a symmetric finite-impulse response (FIR)

block-based motion-estimation method applied does not warrant higher
on of the motion field,
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filter A used in the software coder [2] for4:2:2-4:4:4 con-
version

he={....0,0.082, =0.203.0.621, 0.621, —0.203, 0.082,0,.....).
(12)

Each pixel of the resulting superresolution picture p(V. )
is assigned the attribute of whether it was determined by motion
compensation Py (V. H) or interpolation p; (V. H). The MC
pixels also maintain their quality value determined by (4) [and
possibly modified by (11)] as an attribute.

C. Speedup of Motion Compensation

The following scheme is applied to speed up the estimation
of the 4N + 1 high-resolution motion fields that are required
for the 4Ny + 1 reference pictures relative to the current pic-
ture. The very first motion field (estimating the displacement
of pixels of the other field of the current frame relative to the
current field picture) is found by an exhaustive search within a
small rectangular window (+3 vertically and £7 horizontally).
For each of the remaining 4N, reference pictures, we initially
predict the motion field before actually estimating the field by
a search over a reduced set of candidate motion vectors. The
motion field is initially predicted from the previously estimated
motion fields using linear prediction, simply extrapolating the
motion based on two motion vectors taken from two previous
fields. (The offset in relative pixel positions between fields of
different parity is taken into account in the extrapolation. After
this the motion vectors implicitly takes care of the parity issue.)
Having the predicted motion field (truncated to integer preci-
sion), we collect a list over the ./ most common motion veclors
appearing in the predicted motion field. Thereafter, the search is
restricted (o the small set of this list for the integer part (m, 1)
of the motion vector in (5). All H -V fractional values of a mo-
tion vector are combined with the ./ integer vectors on the list.
Consequently, the final motion vector search consists of trying
out J- H -V vectors. This way, we hope to track the motion vec-
tors at picture level without requiring the tracking locally. Thus,
even with a small initial search area, between the two fields of
a frame, the magnitude of the motion vectors on the list may
increase considerably with no explicit limit to the magnitude.
Very fast motion, exceeding the initial search arca between two
fields of the same frame, is not captured though. In the exper-
iments, we use a fixed-size (J = 35) candidate list. The size
of the fist
an example, including all motion vectors on the list with an oc-
currence count greater than some threshold T in the predicted
motion field reduces the risk of overlooking the motion vector
of an object composed of more than 7" pixels, as a motion vector
is estimated for each pixel. An additional increase in speed for
higher-resolution motion fields (H > 2V V' > 2) is obtained
by letting them be simple subpixel refinements of the motion
field found for H = V' = 2. The processing time for creating
the high-resolution motion field is proportional to J -4 + H-V
instead of J - H - V', i.e., approximately a reduction by a factor
of four for the usual resolution (H = V = 4). As the size of
the list with the updated vectors is fixed, the complexity is also
proportional to the number of pictures specified by Ny.

ineea bom mdd - H 3 1
can be adjusted according to different eriterias, As

B —
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In order to keep the algorithmic complexity down, we base the
decisions in the enhancement algorithm on analysis of the lumi-
nance component only, always performing the same operations
on a chrominance pixel as the corresponding luminance pixel.
Additionally, no special action is taken at the picture boundaries
apart from zero padding. The original motion vectors coming
with the bit stream were disregarded as a higher resolution is
desired. They could be used though, e.g., by including them on
the list of predicted motion vectors.

IV, DECIMATION

The upsampling procedure only performed quality-based
filtering for pixels located on the same motion trajectory
(within our accuracy). In this section, we state a downsampling
scheme applying quality based spatial filtering of the super-
resolution pictures, The filter coefficient for each pixel should
reflect the quality and the spatial distance of the pixel. The
quality attributes are dependent on the MPEG quantization (4)
and whether the pixel is MC or interpolated. For all possible
combinations of quality attributes within the filter window,
the optimal filter could be determined given enough training
data. Instead, we take the simpler approach of first assigning
individual weights to each pixel depending on its attributes
relative to the current pixel and then normalizing the filter
coefficients.

A two-dimensional linear filter g is applied to the samples
of the superresolution picture p (=p(V. H)) in the vicini ty of
each sample position (1, 19) in the resulting output image of
lower resolution. The filter is a product of a symmetric vertical
filter, a symmetric horizontal filter and a function reflecting the
quality. The weight of the pixel p(m, 1) at (m. n)in p is

glm. n; my, ng, V. H)
= K gv(lm = mo|) gu(|n — ng|) wlm. n). (13)

In this expression, the weight w(m, n) is a function of the
quality attributes of the pixel p(m, n) and K is a normal izing
factor (32¢ = 1). The 1-D filters gy~ and gy, reflecting the
spatial distance, are defined as follows:

g1=(...0.0,1,0,0-..)
gp=(...0,a 1,a.0-.)

(14)
(15)

ga=ga%ga= (..., a% 2a, 14+ 2a> 2a, a®--3). (16)
It is noticed that the support of the low-pass filter is (H+1)-
(V' + 1) superresolution pixels or approximately the area of one
low-resolution pixel. This very small region of support is chosen
to reduce the risk of blurring across edges in the decimation
process. Furthermore, the value of @ should be quite small be-
cause very often the individual pictures are undersampled. In
the experiments, we use the parameter value a = 0.1.

The function w(m, n) (13), reflecting the quality, depends on
whether p(m. n) and p(mg, ny) are MC superresolution pixels
or whether they were found through interpolation. When both
pixels are MC [i.e., defined by pp. = Pume(V, H)], their rel-
ative quality parameters are used to determine the weight of
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plm. n).If one of the pixels is obtained by interpolatjop a
stant is used for the weight I

£l lalmn)falmg, no))
5
w(m; n) = plm, n), plme, no) € p,,,
1, plm. n) & pue.
wo,  p(m, n) € Pue. plmg. ny) ¢ Pue
an

where wy, 6, and v are parameters.

The parameter wo(=w(rmy. ny)) specifies the , priogi’
worth of a MC (p,.) pixel compared to an interpolated:
(pi = pi(V. H)) pixel. The last case in (17), where 1here'
is no MC superresolution (p,,.) pixel at the outpu sampie
position (mq. ng), may occur in conversion to HDT\ yng in
chrominance upsampling. Restoring SDTV there wil| always
be the directly decoded pixel at (mg, ng) ensuring & defined
pixel in pp,. at (g, ng).

The parameter + is a global parameter (set (0 0.5) v hereag
0 is inversely proportional to a local estimate [within o region
of size (H + 1)(V + 1)] of the variance of the superresoly-
tion picture at (g, 7). wy is set to 6. The structural| y simple
downsampling filter specified by (13)~(17) only has (¢ four
parameters (a. v, &, uy). The downsampling filter also Jiteny-
ates noise, e.g., from (small) inaccuracies in the motion com-
pensation. (Larger inaccuracies in the motion compensation are
largely avoided by checking the matches and only operating on
a reduced list of candidate motion vectors.)

V. RESULTS

Four sequences were encoded: table, mobeal, tambow:-sdiv,
and tambour-hdtv. The extremely complex rambour sequence
has been used both as interlaced SDTV and in HDTV {rmat.
For SDTV, the format is 4:2:0 PAL TV, i.e., the luminance
frame size is 720 x 576 and the frame rate is 25 frames/scc. For
HDTYV. the resolution is doubled horizontally and vertically.

The parameters (rv, ) of the filter expression (9) are esti-
mated using a small number of frames of the sequence nio/cal.
Calculating the Wiener filter (8), we assume implicitly that
the “original” pixels of the superresolution picture taken at
the sample positions are equal to the original (low-resolition)
pixels of the SDTV test sequence. This yields the curve
h(g2/q1) depicted in Fig. 4, Fitting the filter parameters of (9)
to this curve yields a = 0.25 and # = 0.5. These parameters
are used in the processing of all the test sequences. Besides the
curve h1(g2/q1) based on average values over all ¢y, curves of
h1(g2/q) were recorded for different fixed values of ¢;. These
curves differ from the average in shape, as well as in level. ¢ 2.,
expressed by the value for ¢; = g, i.e., h1(1). For most of the
oceurrences, g2/q; was close to 1. The irregular shape of the
curves for larger values of ¢5/q; reflects the sparse statistics
and due to this the dependency on the specific data that was
used for estimating the Wiener filter. The overall level of /i1
was observed to increase with increasing ¢;, reflecting the fact
that the motion estimation inaccuracy becomes less important
when the quantization error is large.
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er filter coefficient /iy as a function of ga / ¢ for a piece of mebeal.
function is the filter expression obtained by fitting o and 3. The  Fig 6. Average improvement in PSNR for luminance and chrominance for all
sequences (res) using parameters H = V' = 4 and N; = 5. The result of
increasing the bit rate by 1 Mbis (1) is given for comparison.
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. PSNR of directly decoded sequences as a function of the bit rate.

Fig. 7. PSNR measured for sequence rable (luminance). The GOP consists of
24 pictures,

Results

shows the PSNR of the directly decoded sequences (for  ploited during MPEG-2 coding. Consequently, the largest im-
st 33 frames in each sequence, which is the part being provement (upto 1.7dB)is recorded for the I pictures of mobcal.
the tests). The average PSNR improvement for the se-  The P-pictures of mobcal being relatively poor and only unidi-
using our algorithm is depicted in Fig. 6. For compar-  rectionally predicted also display high improvement (about 1
improvement obtained by increasing the coded bit rate  dB). The B pictures of table being much worse than the cor-
Mib/s is also shown. Over these sequences, the average im-  responding P pictures display the highest improvement (about
nt achieved by our algorithm is roughly the same as the 1 dB) for this sequence. Whereas the algorithm generally im-
ment obtained by increasing the bit rate by 1 Mb/s. proves poor pictures the most, some areas may be so poor (e.g.,
7-9 show the PSNR for the individual pictures in the due to occlusions), that the algorithm fails to improve them. This
. (The group of picture (GOP) structure consists of 12 is a consequence of the conservative strategy of requiring a good
mes and thereby 24 pictures: I/P. B/B, B/B, P/P. B/B, B/B, P/P  block match in the reference picture in order for it to influence
). It is remarkable that the directly decoded sequences display  the current picture. This is also the reason why tambour displays
erent characteristics: for table and tambour, the P pic-  a relatively modest improvement and why table at 7 Mb/s has a
have much better PSNR than B pictures, while for mobcal  larger improvement than rable at 5 Mbs.
not so. The restoration algorithm improves all pictures, In Fig. 10, the influence of the upsampling factors H and V',
ss of their directly decoded quality. The magnitude of ~as well as Ny, is depicted. The superresolution picture is con-
ovement depends on two factors: 1) the relative quality ~ structed using four Ny + 2 field pictures, namely the current
-directly decoded picture compared to the surrounding pic-  field and the four Ny +1 reference field pictures. The results are
and 2) to which degree the temporal redundancy was ex-  evaluated by the average improvement in PSNR reconstructing
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Fig. 10.  Average PSNR improvement of the luminance for a GOP of mobeal
(pictures 24-47) encoded at 5 Mb/s as a function of N s and the upsampling
factors (V. H).

SDTV measured over one GOP of mobeal. It is noted that. in
this test, the improvement increases with the upsampling factor,
implying that the accuracy of the motion field is very impor-

o

tant at these bit rates. It is also noticed that the IMproveras
increases with the number of reference pictures. Fo; \, _
11 full frames are used, i.c., almost half a SECONd of yifan
the restoration of each picture, In this relatively Jaro. §
time, the scene is geometrically warped to some exten The fam
that far-away pictures can contribute to the improvemen; impii“'.
that our mechanism for excluding had matches (see Section [mf{
works satisfactorily.

The algorithm is almost progressive in Ny, as it SHArts wigh
the nearby reference pictures and works its Way 10 the far-gyy,
pictures. We can get the benefit of the restoration lit]. by little,
actually traversing along the curves in Fig. 10. This Might be
useful for freeze-frame applications. The only increase in algg..
rithmic complexity is that we have (o perform the decimation
multiple times, which only accounts for a minor part of the pro.
cessing time.

For tambour, we can measure the performance of re., ration
to HDTV. The PSNR is only measured for the even fic! | (This
is in order to exclude the effect of a resampling in the measyra.
ments.) For tambour coded at 7 Mb/s, the restoration method.
gave a (.76-dB PSNR improvement for the luminance i com-
parison to simple spatial upsampling of the directly decoded pie-
tures, For the latter method, the upsampling filter of (|2) was
used for calculating odd samples of the even field.

\ideo .

B. Panel Tests

The sequences were presented for a panel of eight (PAL TV)
expert viewers. Each viewer was seated at a fixed distance be-
tween two and six screen heights. The sequences were displayed
on a 50-Hz interlaced high-fidelity TV using split screen in 20
tests in all. The viewers made blind pair-wise comparisons of
the directly decoded, the restored, and the original sequence. In
each pair-wise comparison, they scored (—1, 0. +1) indi iting
the best (+1) and the worst (— 1) of the two or equal quality (0).
They weie also asked io judge sharpness, artifacts, elc.

The reconstructed sequences were overall rated as equally
good or better than the corresponding directly decoded sequence
(with an average overall score of 0.5 on the — 1 to + | scale). The
overall evaluation was highly correlated with the degree the ar-
tifacts were evaluated to be reduced in the restored sequences.
The sharpness was also evaluated to be improved by the resiora-
tion but less noticeable.

In a comparison between a directly decoded (table) sequence
coded at 7 Mb/s and a restored sequence coded at 5 Mb/s, the
panel judged the sequences to be of equal quality overall. Some
viewers observed that the 7 Mb/s sequence was sharper.

Using our method for upsampling a decoded sequencc (0
HDTV produced acceptable results for mobeal and table. The
restored HDTV sequence of the very complex tambour was 100
bleak and lacked details though. For all sequences, our resulis
were visually significantly better than simple spatial upsam-
pling.

Deinterlacing was tested in a frame-freeze sefting viewing
single images of a progressive sequence. The images obtained
by our enhancement algorithm were also evaluated as being of
acceptable quality. Figs. 11-13 show part of an image of mob!
resulting from deinterlacing to progressive format. Fig. 11 de-
picts the result of using simple upsampling of a directly decoded
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ve SDTV. Mobcal at 5 Mbs/s. Part of the I-picture
). PSNR = 28.5 dB.

Enhanced to progressive HDTV in 4:2: 0. Mobcal at 5§ Mb/s. Part of
(frame 24, top field).

e. Figs. 12 and 13 depict the results of our enhancement
essive SDTV and HDTV images, respectively.

VI. CONCLUSION

ve achieved a significant improvement of the decoding
of MPEG-2 encoded sequences coded at bit rates that
ually considered to provide good quality for distribution.

orithm is based on MC spatial upsampling from multiple

" |
811

pictures and decimation to the desired format. The processing
involves an estimated quality of individual pixels. The quality
is estimated from MPEG-2 code streams in our work. Improved
MPEG-2 decoding and MPEG-2 SDTV to HDTV conversion
were demonstrated. The quality is improved both for moving
pictures and for the individual still pictures. Measured by MSE.
the improvement roughly corresponds to the improvement ob-
tained by incrementing the bit rate by | Mb/s. Subjective tests
suggest that the performance of the algorithm is even better than
this because it efficiently suppresses mosquito noise, the main
artifact at the bit rates used in these tests, The algorithm is con-
ceptually simple but the computational demand is high as it is
based on high-accuracy estimation of a dense motion field. An
initial application could be progressive improvement of frame
freeze for displaying and printing single images based on dein-
terlacing and possibly upsampling. For these applications, the
technique could be combined with POCS,
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With the introduction of the H.264/AVC video
dard, significant improvements have recently been
d in video compression capability. The Joint Video
ITU-T VCEG and the ISOTEC MPEG has now also
d a Scalable Video Coding (SVC) extension of the
C standard. SVC enables the transmission and decoding
bit streams to provide video services with lower tem-

spatial resolutions or reduced fidelity while retaining a
: on quality that is high relative to the rate of the partial
Hence, SVC provides functionalities such as graceful
in lossy transmission environments as well as bit
and power adaptation. These functionalities provide
s to transmission and storage applications. SVC has
significant improvements in coding efficiency with an
degree of supported scalability relative to the scalable
prior video coding standards. This paper provides an
of the basic concepts for extending H.264/AVC towards
ver, the basic tools for providing temporal, spatial,
scalability are described in detail and experimentally
ed regarding their efficiency and complexity.

Terms—H.264/AVC, MPEG-4, Scalable Video Coding
bl (s Vmeo,

I. INTRODUCTION

NCES in video coding technology and standard-
[1]-16] along with the rapid developments and
ents of network infrastructures, storage capacity, and
g power are enabling an increasing number of video
. Application areas today range from multimedia
2, video telephony, and video conferencing over mo-
eless and wired Internet video streaming, standard-
finition TV broadcasting to DVD, Blu-ray Disc,
DVD optical storage media. For these applications,
ly of video transmission and storage systems may be

nal digital video transmission and storage systems
d on H.222.0 | MPEG-2 systems [7] for broadcasting
 over satellite, cable, and terrestrial transmission chan-
d for DVD storage, or on H.320 [8] for conversational
iferencing services. These channels are typically char-
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acterized by a fixed spatio—temporal format of the video signal
(SDTV or HDTV or CIF for H.320 video telephone). Their ap-
plication behavior in such systems typically falls into one of the
two categories: it works or it does not work.

Modern video transmission and storage systems using the In-
ternet and mobile networks are typically based on RTP/IP [9] for
real-time services (conversational and streaming) and on com-
puter file formats like mp4 or 3gp. Most RTP/IP access networks
are typically characterized by a wide range of connection quali-
ties and receiving devices. The varying connection quality is re-
sulting from adaptive resource sharing mechanisms of these net-
works addressing the time varying data throughput requirements
of a varying number of users. The variety of devices with dif-
ferent capabilities ranging from cell phones with small screens
and restricted processing power to high-end PCs with high-def-
inition displays results from the continuous evolution of these
endpoints.

Scalable Video Coding (SVC) is a highly attractive solution
to the problems posed by the characteristics of modern video
transmission systems. The term “scalability” in this paper refers
to the removal of parts of the video bit stream in order to adapt
it to the various needs or preferences of end users as well as to
varying terminal capabilities or network conditions. The term
SVC is used interchangeably in this paper for both the concept
of SVC in general and for the particular new design that has
been standardized as an extension of the H.264/AVC standard.
The objective of the SVC standardization has been to enable the
encoding of a high-quality video bit stream that contains one or
more subset bit streams that can themselves be decoded with a
complexity and reconstruction quality similar to that achieved
using the existing H.264/AVC design with the same quantity of
data as in the subset bit stream.

SVC has been an active research and standardization area for
at least 20 years. The prior international video coding standards
H.262 | MPEG-2 Video [3], H.263 [4], and MPEG-4 Visual [5]
already include several tools by which the most important scala-
bility modes can be supported. However, the scalable profiles of
those standards have rarely been used. Reasons for that include
the characteristics of traditional video transmission systems as
well as the fact that the spatial and quality scalability features
came along with a significant loss in coding efficiency as well
as a large increase in decoder complexity as compared to the
corresponding nonscalable profiles. It should be noted that two
or more single-layer streams, i.e., nonscalable streams, can al-
ways be transmitted by the method of simulcast, which in prin-

ciple provides similar functionalities as a scalable bit stream,
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46



1104

although typically at the cost of a significant increase in bit rate.
Moreover, the adaptation of a single stream can be achieved
through transcoding, which is currently used in multipoint con-
trol units in video conferencing systems or for streaming ser-
vices in 3G systems. Hence, a scalable video codec has to com-

pete against these aiternaiives.

This paper describes the SVC extension of H.264/AVC and is
organized as follows, Section II explains the fundamental scal-
ability types and discusses some representative applications of
SVC as well as their implications in terms of essential require-
ments. Section I1 gives the history of SVC. Section IV briefly
reviews basic design concepts of H.264/AVC. In Section V,
the concepts for extending H.264/AVC toward na SVC stan-
dard are described in detail and analyzed regarding effective-
ness and complexity. The SVC high-level design is summarized
in Section VI. For more detailed information about SVC, the

reader is referred to the draft standard [10].

1. TYPES OF SCALABILITY, APPLICATIONS,
AND REQUIREMENTS

In general, a video bit stream is called scalable when parts of
the stream can be removed in a way that the resulting substream
forms another valid bit stream for some target decoder, and the
substream represents the source content with a reconstruction
quality that is less than that of the complete original bit stream
but is high when considering the lower quantity of remaining
data. Bit streams that do not provide this property are referred
to as single-layer bit streams. The usual modes of scalability are
temporal, spatial, and quality scalability. Spatial scalability and
temporal scalability describe cases in which subsets of the bit
stream represent the source content with a reduced picture size
(spatial resolution) or frame rate (temporal resolution), respec-
tively. With quality scalability, the substream provides the same
spatio—temporal resolution as the complete bit stream, but with
a lower fidelity—where fidelity is often informally referred to
as signal-to-noise ratio (SNR). Quality scalability is also com-
monly referred to as fidelity or SNR scalability. More rarely
required scalability modes are region-of-interest (ROI) and ob-
ject-based scalability, in which the substreams typically repre-
sent spatially contiguous regions of the original picture area.
The different types of scalability can also be combined, so that a
multitude of representations with different spatio-temporal res-
olutions and bit rates can be supported within a single scalable
bit stream.

Efficient SVC provides a number of benefits in terms of ap-
plications [11]-[13]—a few of which will be briefly discussed
in the following. Consider, for instance, the scenario of a video
transmission service with heterogencous clients, where multiple
bit streams of the same source content differing in coded picture
size, frame rate, and bit rate should be provided simultaneously.
With the application of a properly configured SVC scheme, the
source content has to be encoded only once—for the highest re-
quired resolution and bit rate, resulting in a scalable bit stream
from which representations with lower resolution and/or quality
can be obtained by discarding selected data. For instance, a
client with restricted resources (display resolution, processing
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power, or battery power) needs to decode only & part of ie g,
livered bit stream. Similarly, in a multicast scenario, (ermingj
with different capabilities can be served by a single scaluble
stream. In an alternative scenario, an existing video forma (Jike
QVGA) can be extended in a backward compatible way by -
anhancement video format (like VGA) 3

Another benefit of SVC is that a scalable bit stream usyg) ly
contains parts with different importance in terms of decodeq
video quality. This property in conjunction with unequal errop
protection is especially useful in any transmission sccnarig
with unpredictable throughput variations and/or relatively high
packet loss rates. By using a stronger protection of the more
important information, error resilience with graceful degra.
dation can be achieved up to a certain degree of transmission
errors. Media-Aware Network Elements (MANEs), which re-
Ceive focdback miessages about the terminal capabiline.
channel conditions, can remove the nonrequired pusis from
a scalable bit stream, before forwarding it. Thus, the loss of
important transmission units due to congestion can be 1 oided
and the overall error robustness of the video transmission
service can be substantially improved.

SVC is also highly desirable for surveillance applications, in
which video sources not only need to be viewed on multiple
devices ranging from high-definition monitors to videophones
or PDAs, but also need to be stored and archived. With SVC,
for instance, high-resolution/high-quality parts of a bit stream
can ordinarily be deleted after some expiration time, so that only
low-quality copies of the video are kept for long-term archival.
The latter approach may also become an interesting feature in
personal video recorders and home networking.

Even though SVC schemes offer such a variety of valuable
functionalities, the scalable profiles of existing standards have
rarely been used in the past, mainly because spatial and quality
scalability have historically come at the price of increased de-
coder complexity and significantly decreased coding efficiency.
In contrast to that, temporal scalability is often supported, €.8.
in H.264/AVC-based applications, but mainly becausc 1t COMES
along with a substantial coding efficiency improvement (cf.
Section V-A.2).

H.264/AVC is the most recent international vides coding
standard. It provides significantly improved coding cfficiency
in comparison to all prior standards [14]. H.264/AVC has
attracted a lot of attention from industry and has been adopted
by various application standards and is increasingly used ind
broad variety of applications. It is expected that in the near-termt
future H.264/AVC will be commonly used in most video appli-
cations. Given this high degree of adoption and deployment of
the new standard and taking into account the large inv -‘~ll11'~3_ﬂm
that have already been taken place for preparing and developié
H.264/AVC-based products, it is quite natural 10 now build &
SVC scheme as an extension of H.264/AVC and to reuse 11
key features. i

Considering the needs of today's and future video applica-
tions as well as the experiences with scalable profiles in the pasts
the success of any future SVC standard critically depends onthe
following essential requirements.

« Similar coding efficiency compared 10 single-layer

coding—for each subset of the scalable bit stream.

e T .




ittle increase in decoding complexity compared to single-

decoding that scales with the decoded spatio—tem-

al resolution and bit rate.

ort of temporal, spatial, and quality scalability.

of a backward compatible base layer (H.264/AVC

case).

port of simple bit stream adaptations after encoding.

case, the coding efficiency of scalable coding should

ly superior to that of “simulcasting” the supported

al resolutions and bit rates in separate bit streams.

on to single-layer coding, bit rate increases of 10%
the same fidelity might be tolerable depending on

fic needs of an application and the supported degree

provides an overview how these requirements

II. HisTORY OF SVC

ding designs that are in widespread application use,
‘on motion-compensated temporal differential pulse
dulation (DPCM) together with spatial decorrelating
wtions [15]. DPCM is characterized by the use of
s prediction loops at the encoder and decoder.
between these prediction loops lead to a “drift”
accumulate over time and produce annoying artifacts.
the scalability bit stream adaptation operation. i.e.,
of parts of the video bit stream can produce such

nd or transform coding does not have the drift prop-
PCM. Therefore, video coding techniques based on
pensated 3-D wavelet transforms have been studied
ly for use in SVC [16]-{19]. The progress in wavelet-
0 coding caused MPEG to start an activity on ex-
s technology. As a result, MPEG issued a call for
als for efficient SVC technology in October 2003 with
lention to develop a new SVC standard. Twelve of the
bmitted proposals in response to this call [20] represented
 video codecs based on 3-D wavelet transforms, while
ng two proposals were extensions of H.264/AVC
a six-month evaluation phase, in which several sub-
s for a variety of conditions were carried out and
iposals were carefully analyzed regarding their poten-
successful future standard, the scalable extension of
C as proposed in [21] was chosen as the starting point
[PEG’s SVC project in October 2004. In January 2008,
d VCEG agreed to jointly finalize the SVC project as
ent of H.264/AVC within the Joint Video Team.
ough the initial design [21] included a wavelet-like

from the SVC specification [10]. Reasons for that
included drastically reduced encoder and decoder
ty and improvements in coding efficiency. It was
that an adjustment of the DPCM prediction structure

addressed in the design of the SVC extension of
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[22] to the latest draft [10] being augmented by methods for
nondyadic scalability and interlaced processing which were not
included in the initial design.

IV. H.264/AVC BAsics
SVC was standardized ac an extencion of H264/AVC. In

order to keep the paper self-contained, the following brief
description of H.264/AVC is limited to those key features
that are relevant for understanding the concepts of extending
H.264/AVC towards SVC. For more detailed information
about H.264/AVC, the reader is referred to the standard [6] or
corresponding overview papers [23]-[26].

Conceptually, the design of H.264/AVC covers a Video
Coding Layer (VCL) and a Nerwork Abstraction Layer (NAL).
While the VCL creates a coded representation of the source

content, the NAL formats these data and provides header infor-

mation in a way that enables simple and effective customization
of the use of VCL data for a broad variety of systems.

A. Network Abstraction Layer (NAL)

The coded video data are organized into NAL units, which
are packets that each contains an integer number of bytes. A
NAL unit starts with a one-byte header, which signals the type
of the contained data. The remaining bytes represent payload
data. NAL units are classified into VCL NAL units, which con-
tain coded slices or coded slice data partitions, and non-VCL
NAL units. which contain associated additional information.
The most important non-VCL NAL units are parameter sets and
Supplemental Enhancement Information (SEI). The sequence
and picture parameter sets contain infrequently changing infor-
mation for a video sequence. SEI messages are not required for
decoding the samples of a video sequence. They provide addi-
tional information which can assist the decoding process or re-
lated processes like bit stream manipulation or display. A set of
consecutive NAL units with specific properties is referred to as
an access unit. The decoding of an access unit results in exactly
one decoded picture. A set of consecutive access units with cer-
tain properties is referred to as a coded video sequence. A coded
video sequence represents an independently decodable part of a
NAL unit bit stream. It always starts with an instantaneous de-
coding refresh (IDR) access unit, which signals that the IDR ac-
cess unil and all following access units can be decoded without
decoding any previous pictures of the bit stream.

B. Video Coding Layer (VCL)

The VCL of H.264/AVC follows the so-called block-based
hybrid video coding approach. Although its basic design is very
similar to that of prior video coding standards such as H.261,
MPEG-1 Video, H.262 | MPEG-2 Video, H.263, or MPEG-4
Visual, H.264/AVC includes new features that enable it to
achieve a significant improvement in compression efficiency
relative to any prior video coding standard [14]. The main dif-
ference to previous standards is the largely increased flexibility
and adaptability of H.264/AVC.

The way pictures are partitioned into smaller coding units in
H.264/AVC, however, follows the rather traditional concept of
subdivision into macroblocks and slices. Each picture is par-
titioned into macroblocks that each covers a rectangular pic-
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ture area of 16 x 16 luma samples and, in the case of video in
4:2:0 chroma sampling format, 8 x 8 samples of each of the two
chroma components. The samples of a macroblock are either
spatially or temporally predicted, and the resulting prediction
residual signal is represented using transform coding. The mac-
rohlacks of a picture are organized in slices. each of which can
be parsed independently of other slices in a picture. Depending
on the degree of freedom for generating the prediction signal,
H.264/AVC supports three basic slice coding types.

1) l-slice: intra-picture predictive coding using spatial predic-
tion from neighboring regions,

2) P-slice: intra-picture predictive coding and inter-picture
predictive coding with one prediction signal for each pre-
dicted region,

3) B-slice: intra-picture predictive coding, inter-picture pre-
dictive coding, and inter-picture bipredictive coding with
two prediction signals that are combined with a weighted
average to form the region prediction.

For 1-slices, H.264/AVC provides several directional spatial
intra-prediction modes, in which the prediction signal is gener-
ated by using neighboring samples of blocks that precede the
block to be predicted in coding order. For the luma component,
the intra-prediction is either applied to 4 x 4, 8 x 8, or 16 x 16
blocks, whereas for the chroma components, it is always applied
on a macroblock basis.!

CeeuD_ acmd H ! i 1
Foi P-and B-slices, H.2o4/ AV C additionally sermits variable

ally ne ariable
block size motion-compensated prediction with multiple refer-
ence pictures [27]. The macroblock type signals the partitioning
of a macroblock into blocks of 16 % 16, 16 x 8,8 x 16,0r 8 x 8
luma samples. When a macroblock type specifies partitioning
into four 8 x 8 blocks, each of these so-called submacroblocks
can be further splitinto 8 x 4,4 x 8, or4 x 4 blocks, whichis in-
dicated through the submacroblock type. For P-slices, one mo-
tion vector is transmitted for each block. In addition, the used
reference picture can be independently chosen for each 16 x 16,
16 x 8, or 8 x 16 macroblock partition or 8 x 8 submacroblock.
It is signaled via a reference index parameter, which is an index
into a list of reference pictures that is replicated at the decoder.

In B-slices, two distinct reference picture lists are utilized,
and for each 16 x 16, 16 x 8, or 8 x 16 macroblock partition
or 8 x 8 submacroblock, the prediction method can be selected
between list 0, list 1, or biprediction. While list 0 and list 1 pre-
diction refer to unidirectional prediction using a reference pic-
ture of reference picture list 0 or 1, respectively, in the bipredic-
tive mode, the prediction signal is formed by a weighted sum of
a list O and iist i prediciion signal. in addition, speciai modes
as so-called direct modes in B-slices and skip modes in P- and
B-slices are provided, in which such data as motion vectors
and reference indexes are derived from previously transmitted
information.

For transform coding, H.264/AVC specifies a set of integer
transforms of different block sizes. While for intra-macroblocks
the transform size is directly coupled to the intra-prediction
block size, the luma signal of motion-compensated macroblocks
that do not contain blocks smaller than 8 x 8 can be coded by

Some details of the profiles of H.264/AVC that were designed primarily to

serve the needs of professional application environments are neglected in this
deseription, particularly in relation to chroma processing and range of step sizes.

49

1EEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 17. NO. 9, SEFTEMBER 2117

using either a 4 x 4 or 8 x 8 transform. For the chroma com.
ponents a two-stage transform, consisting of 4 x 4 transfor. s
and a Hadamard transform of the resulting DC coefficients ig
employed.! A similar hierarchical transform is also used for the
luma component of macroblocks coded in intra 16 x 16 moe,
All inverse transforms are specified by exact integer operations,
so that inverse-transform mismatches are avoided. H.264/Av(C
uses uniform reconstruction quantizers. One of 52 quantization
step sizes! can be selected for each macroblock by the quantiza.
tion parameter QP. The scaling operations for the quantizai op
step sizes are arranged with logarithmic step size increments,
such that an increment of the QP by 6 corresponds to a dou-
bling of quantization step size.

For reducing blocking artifacts, which are typically the most
disturbing artifacts in block-based coding, H.264/AVC specities
an adaptive deblocking filter. which operates within the motion-
compensated prediction loop.

H.264/AVC supports two methods of entropy coding, which
both use context-based adaptivity to improve performance re-
ative to prior standards. While context-based adaptive variahle-
length coding (CAVLC) uses variable-length codes and its adap-
tivity is restricted to the coding of transform coefficient levels,
context-based adaptive binary arithmetic coding (CABAC) uti-
lizes arithmetic coding and a more sophisticated mechanisi for
employing statistical dependencies, which leads to typica! bit
rate savings of 10%~15% relative to CAVLC.

In addition to the increased flexibility on the macroblock
level, H.264/AVC also allows much more flexibility on a picture
and sequence level compared to prior video coding standards.
Here we mainly refer to reference picture memory conirol.
In H.264/AVC, the coding and display order of pictuics is
completely decoupled. Furthermore, any picture can be m: ked
as reference picture for use in motion-compensated prediction
of following pictures, independent of the slice coding tvpes.
The behavior of the decoded picture buffer (DPB), which can
hold up to 16 frames (depending on the used conformance
point and picture size), can be adaptively controlled by memory
management control operation (MMCO) commands, id the
reference picture lists that are used for coding of P- or B-<lices
can be arbitrarily constructed from the pictures available in the
DPB via reference picture list reordering (RPLR) commands.

In order to enable a flexible partitioning of a picture
into slices, the concept of slice groups was introduced in
H.264/AVC. The macroblocks of a picture can be arbitrarily
partitioned into slice groups via a slice group map. 1he slice

specified by the content of the picwre

group map, which is
parameter set and some slice header information, asiZns &
unique slice group identifier to each macroblock of o picture.
And each slice is obtained by scanning the macroblocks of
a picture that have the same slice group identifier as the first
macroblock of the slice in raster-scan order. Similar 10 Prof
video coding standards, a picture comprises the set of slices
representing a complete frame or one field of a frame (sueh
that, ¢.g., an interlaced-scan picture can be either coded a8 &
single frame picture or two separate field pictures). Addition”
ally, H.264/AVC supports a macroblock-adaptive switchifg
between frame and field coding. For that, a pair of vertically
adjacent macroblocks is considered as a single coding




VARZ ot al.: OVERVIEW OF THE SCALABLE VIDEO CODING EXTENSION

1 can be either transmitted as two spatially neighboring
macroblocks, or as interleaved top and a bottom field
oblocks.

V. BASIC CONCEPTS FOR EXTENDING H.264/AVC
TOWARDS AN SVC STANDARD

from the required support of all common types of scal-
the most important design criteria for a successful SVC
are coding efficiency and complexity, as was noted
tion II. Since SVC was developed as an extension of
IAVC with all of its well-designed core coding tools being

one of the design principles of SVC was that new tools
only be added if necessary for efficiently supporting the
types of scalability.

oral Scalability

stream provides temporal scalability when the set of
onding access units can be partitioned into a temporal
er and one or more temporal enhancement layers with
ing property. Let the temporal layers be identified by a
al layer identifier 7', which starts from 0 for the base layer
ased by | from one temporal layer to the next. Then
natural number £, the bit stream that is obtained by
all access units of all temporal layers with a temporal
lentifier 7" greater than & forms another valid bit stream
iven decoder.
‘hybrid video codecs, temporal scalability can generally
bled by restricting motion-compensated prediction to
pictures with a temporal layer identifier that is less
equal to the temporal layer identifier of the picture to
ed. The prior video coding standards MPEG-1 [2],
MPEG-2 Video [3]. H.263 [4], and MPEG-4 Visual [5]
temporal scalability to some degree. H.264/AVC
des a significantly increased flexibility for temporal
y because of its reference picture memory control. It
the coding of picture sequences with arbitrary temporal
ies, which are only restricted by the maximum usable
ze. Hence, for supporting temporal scalability with a
ble number of temporal layers, no changes to the design
4/AVC were required. The only related change in SVC
the signaling of temporal layers, which is described in
VI

ierarchical Prediction Structures: Temporal scalability
¢ temporal enhancement layers can be very efficiently
d with the concept of hierarchical B-pictures [28]. [29]
ted in Fig. 1(a).? The enhancement layer pictures are
y coded as B-pictures, where the reference picture lists 0
are restricted to the temporally preceding and succeeding
€, respectively, with a temporal layer identifier less than
mporal layer identifier of the predicted picture. Each set
iporal layers { Ty, ... Ty } can be decoded independently
yers with a temporal layer identifier T > k. In the fol-
2. the set of pictures between two successive pictures of

scribed above, neither P- or B-slices are directly coupled with the man-
ference pictures in H.264/AVC. Hence, backward prediction is not
y coupled with the use of B-slices and the temporal coding structure
(1) can also be realized using P-slices resulting in a structure that is
ed hierarchical P-pictures,

o7

group of pictures (GOP)
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Fig. 1. Hierarchical prediction structures for enabling temporal scalability.
(a) Coding with hierarchical B-pictures. (b) Nondyadie hierarchical prediction
structure, (c) Hierarchical prediction structure with a structural encoding/de-
coding delay of zero. The numbers directly below the pictures specify the
¢oding order, the symbols T, specify the iemporal layers with k representing
the corresponding temporal laver identifier.

the temporal base layer together with the succeeding base layer
picture is referred to as a group of pictures (GOP).

Although the described prediction structure with hierarchical

B-pictures provides temporal scalability and also shows excel-
lent coding efficiency as will be demonstrated later, it repre-
sents a special case. In general, hierarchical prediction struc-
tures for enabling temporal scalability can always be combined
with the multiple reference picture concept of H.264/AVC. This
means that the reference picture lists can be constructed by using
more than one reference picture, and they can also include pic-
tures with the same temporal level as the picture to be pre-
dicted. Furthermore, hierarchical prediction structures are not
restricted to the dyadic case. As an example, Fig, 1(b) illustrates
a nondyadic hierarchical prediction structure, which provides 2
independently decodable subsequences with 1/9th and 1/3rd of
the full frame rate. It should further be noted that it is possible to
arbitrarily modify the prediction structure of the temporal base
layer, e.g.. in order to increase the coding efficiency. The chosen
temporal prediction structure does not need to be constant over
time.

Note that itis possible to arbitrarily adjust the structural delay
between encoding and decoding a picture by restricting mo-
tion-compensated prediction from pictures that follow the pic-
ture to be predicted in display order. As an example, Fig. 1(c)
shows a hierarchical prediction structure, which does not em-
ploy motion-compensated prediction from pictures in the future.
Although this structure provides the same degree of temporal
scalability as the prediction structure of Fig. 1(a), its structural
delay is equal to zero compared to 7 pictures for the prediction
structure in Fig. 1(a). However, such low-delay structures typi-
cally decrease coding efficiency.
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The coding order for hierarchical prediction structures has to
be chosen in a way that reference pictures are coded before they
are employed for motion-compensated prediction. This can be
ensured by different strategies, which mostly differ in the asso-
ciated decoding delay and memory requirement. For a detailed
analysis, the reader is referred to [28] and [29].

The coding efficiency for hierarchical prediction structures
is highly dependent on how the quantization parameters are
chosen for pictures of different temporal layers. Intuitively, the
pictures of the temporal base layer should be coded with highest
fidelity, since they are directly or indirectly used as references
for motion-compensated prediction of pictures of all temporal
layers. For the next temporal layer a larger quantization param-
eter should be chosen. since the quality of these pictures influ-
ences fewer pictures. Following this rule, the quantization pa-
rameter should be increased for each subsequent hierarchy level.
Additionally, the optimal guantization parameter also depends
on the local signal characteristics.

An improved selection of the quantization parameters can
be achieved by a computationally expensive rate-distortion
analysis similar to the strategy presented in [30]. In order to
avoid such a complex operation, we have chosen the following
strategy (cp. [31]), which proved to be sufficiently robust for a
wide range of tested sequences. Based on a given quantization
parameter QP,, for pictures of the temporal base layer, the
quantization parameters for enhancement layer pictures of a
given temporal layer with an identifier T > 0 are determined
by QP4 = QP + 3 + T'. Although this strategy for cascading
the quantization parameters over hierarchy levels results in
relatively large peak SNR (PSNR) fluctuations inside a group
of pictures, subjectively, the reconstructed video appears to
be temporally smooth without annoying temporal “pumping”
artifacts.

Often, motion vectors for bipredicted blocks are determined
by independent motion searches for both reference lists. It is,
however, well-known that the coding efficiency for B-slices can
be improved when the combined prediction signal (weighted
sum of list 0 and list | predictions) is considered during the mo-
tion search, e.g., by employing the iterative algorithm presented
in [32].

When using hierarchical B-pictures with more than 2 tem-
poral layers, it is also recommended to use the “spatial direct
mode” of the H.264/AVC inter-picture prediction design [6],
since with the “temporal direct mode™ unsuitable “direct mo-
tion vectors” are derived for about half of the B-pictures. It is
also possible to select between the spatial and temporal direct
mode on a picture basis.

2) Coding Efficiency of Hierarchical Prediction Structures:
We now analyze the coding efficiency of dyadic hierarchical
prediction structures for both high- and low-delay coding. The
encodings were operated according to the Joint Scalable Video
Model (JSVM) algorithm [31]. The sequences were encoded
using the High Profile of H.264/AVC, and CABAC was selected
as entropy coding method. The number of active reference pic-
tures in each list was set to | picture,

In a first experiment we analyze coding efficiency for hierar-
chical B-pictures without applying any delay constraint. Fig, 2
shows a representative result for the sequence “Foreman” in CIF
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Average Y-PSNR [dB]

Fig. 2. Coding efficiency comparison of hierarchical B-pictures withour any
deiay consitainis and convenuvin En 1B o6 ang IBBP soding struciures

for the sequence “Foreman™ in CIF resolution and a frame rate of 30 Hz

(352 % 288) resolution and a frame rate of 30 Hz. The coding
efficiency can be continuously improved by enlarging the GOp
size up to about 1 . In comparison to the widely used IBBP
coding structure, PSNR gains of more than 1 dB can be ob-
tained for medium bit rates in this way. For the sequences ol the
high-delay test set (see Table I) in CIF resolution and a {:ume
rate of 30 Hz, the bit rate savings at an acceptable video qality
of 34 dB that are obtained by using hierarchical prediction struc-
tures in comparison to IPPP coding are summarized in Fig. 3(a).
For all test sequences, the coding efficiency can be improved by
increasing the GOP size and thus the encoding/decoding delay:
the maximum coding efficiency is achieved for GOP sizes be-
tween 8 and 32 pictures.

In a further experiment the structural encoding/decoding
delay is constrained to be equal to zero and the coding efficiency
of hierarchical prediction structures is analyzed for the video
conferencing sequences of the low-delay test set (see Table 1)
with a resolution of 368 x 288 samples and with a frame rate

* of 25 Hz or 30 Hz. The bit rate savings in comparison Lo IPPP

coding, which is commonly used in low-delay applicaiions,
for an acceptable video quality of 38 dB are summar zed in
Fig. 3(b). In comparison to hierarchical coding without any
delay constraint the coding efficiency improvements are sig-
nificantly smaller. However, for most of the sequences we still
observe coding efficiency gains relative to IPPP coding. From
these experiments, it can be deduced that providing temporal
scalability usually does not have any negative impact on coding
efficiency. Minor losses in coding efficiency are possiblc when
the application requires low delay. However, especially when 4
higher delay can be tolerated, the usage of hierarchical predic-
tion structures not only provides temporal scalability. but also
significantly improves coding efficiency.

B. Spatial Scalability

For supporting spatial scalable coding, SVC follows (he con-
ventional approach of multilayer coding, which is also used i
H.262 | MPEG-2 Video, H.263, and MPEG-4 Visual. Fach 1aye
corresponds 1o a supported spatial resolution and is referred 10
by a spatial layer or dependency identifier D. The dependeney
identifier D for the base layer is equal to 0, and it is INCTe8E
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TABLE |
HiGH-DELAY TeST SET
name abbre- | maximum | maximum | number of
viation | resolution | frame rate | pictures
BU 352x288 30 150
all FT 352x288 30 260
eman FM 352x288 30 300
b MB 152x288 30 300
cr T04x576 60 600
CR 704x576 60 600
HB T04x576 60 600
jhae T04x576 60 600
TABLE 11
Low-DELAY TEST SET
name abbre- | maximum | maximum | number of
viation | resolution | frame rate | pictures
GR T68x576 30 300
n & Oliver KO T6Rx576 30 300
i & Martin SM T6RXSTH 30 300
& Cornelius TC T68x576 30 300
8 TH T68x576 30 300
UL TORX5T6 25 250
High-delay test set, PSNR = 34 dB
=8=BU =+FT |
-8~ FM == MB
-:- By =aiEen T T T TS e Tier Sk g

IBPBP 1BBP GOPO4 (GOPOBE  GOP16
Coding structure (without any delay constraint)

GOPaz

(a)
Low-delay test sel, PSNR = 38 dB
-*-GR -+ KO
L |==8M -==TC|_ __ . e
-a- TH

g .-.-z:::i
_________ T

~—an
=

Coding structure (structural delay of zero)

(b)
Bit-rate savings for various hierarchical prediction structures relative to
g, (a) Simulations without any delay constraint for the high-delay test

1). (b) Simulations with a structural delay of zero for the low-delay
e Table 11).

Tom one spatial layer to the next. In each spatial layer, mo-
ompensated prediction and intra-prediction are employed

ngle-layer coding. But in order to improve coding ef-
y in comparison to simulcasting different spatial reso-
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Fig. 4. Multilayer structure with additional inter-layer prediction for enabling
spatial scalable coding.

lutions, additional so-called inter-layer prediction mechanisms
are incorporated as illustrated in Fig. 4.

In order to restrict the memory requirements and decoder
coimipiexity, SVC specifies thai the same coding order is used
for all supported spatial layers. The representations with dif-
ferent spatial resolutions for a given time instant form an access
unit and have to be transmitted successively in increasing order
of their corresponding spatial layer identifiers £). But as illus-
trated in Fig. 4, lower layer pictures do not need to be present
in all access units, which makes it possible to combine temporal
and spatial scalability,

1) Inter-Layer Prediction: The main goal when designing
inter-layer prediction tools is to enable the usage of as much
lower layer information as possible for improving rate-distor-
tion efficiency of the enhancement layers. In H.262 | MPEG-2
Video, H.263, and MPEG-4 Visual, the only supported inter-
layer prediction methods employs the reconstructed samples of
the lower layer signal. The prediction signal is either formed by
motion-compensated prediction inside the enhancement layer,
by upsampling the reconstructed lower layer signal, or by ay-
eraging such an upsampled signal with a temporal prediction
signal.

Although the reconstructed lower layer samples represent the
complete lower layer information, they are not necessarily the
most suitable data that can be used for inter-layer prediction.
Usually, the inter-layer predictor has to compete with the tem-
poral predictor, and especially for sequences with slow motion
and high spatial detail, the temporal prediction signal mostly
represents a better approximation of the original signal than
the upsampled lower layer reconstruction. In order to improve
the coding efficiency for spatial scalable coding, two additional
inter-layer prediction concepts [33] have been added in SVC:
prediction of macroblock modes and associated motion param-
eters and prediction of the residual signal.

When neglecting the minor syntax overhead for spatial
enhancement layers, the coding efficiency of spatial scalable
coding should never become worse than that of simulcast. since
in SVC, all inter-layer prediction mechanisms are switchable.
An SVC conforming encoder can freely choose between intra-
and inter-layer prediction based on the given local signal
characteristics. Inter-layer prediction can only take place inside
a given access unil using a layer with a spatial layer identifier
D less than the spatial layer identifier of the layer to be pre-
dicted. The layer that is employed for inter-layer prediction
is also referred to as reference layer, and it is signaled in the
slice header of the enhancement layer slices. Since the SVC
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Fig. 5. Visual example for the enhancement layer when filtering across residual block boundaries (left) and omitting filtering across residual block boundaries

(g!s!“} far recidnal nradiction

TRIcuL predicion.

inter-layer prediction concepts include techniques for motion
as well as residual prediction, an encoder should align the
temporal prediction structures of all spatial layers.

Although the SVC design supports spatial scalability with ar-
bitrary resolution ratios [34], [35]. for the sake of simplicity,
we restrict our following description of the inter-layer predic-
tion techniques to the case of dyadic spatial scalability, which
is characterized by a doubling of the picture width and height
from one layer to the next. Extensions of these concepts will be
briefly summarized in Section V-B.2,

a) Inter-Layer Motion Prediction: For spatial enhance-
ment layers, SVC includes a new macroblock type, which
is signaled by a syntax element called base mode flag. For
this macroblock type. only a residual signal but no additional
side information such as intra-prediction modes or motion
parameters is transmitted. When base mode fiag is equal 10
1 and the corresponding 8 x 8 block® in the reference layer
lies inside an intra-coded macroblock, the macroblock is
predicted by inter-layer intra-prediction as will be explained
in Section V-B.lc. When the reference layer macroblock
is inter-coded, the enhancement layer macroblock is also
inter-coded. In that case, the partitioning data of the enhance-
ment layer macroblock together with the associated reference
indexes and motion vectors are derived from the corresponding
data of the co-located 8 x 8 block in the reference layer by
so-called inter-laver motion prediction.

The macroblock partitioning is obtained by upsampling the
corresponding partitioning of the co-located 8 x 8 block in
the reference layer. When the co-located 8 x 8 block is not
divided into smaller blocks, the enhancement layer macroblock
is also not partitioned. Otherwise, each M x N submacroblock
partition in the 8 x 8 reference layer block corresponds to a
(2M) x (2N) macroblock partition in the enhancement layer
macroblock. For the upsampled macroblock partitions, the
same reference indexes as for the co-located reference layer
blocks are used; and both components of the associated motion
vectors are derived by scaling the corresponding reference layer
motion vector components by a factor of 2.

3Note that for conventional dyadic sparial scalability, a macroblock in a
spatial enhancement layer corresponds to an 8 x 8 submacroblock in its ref-
erence layer.
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In addition to this new macroblock type, the SVC concept
includes the possibility to use scaled motion vectors ol the
co-located 8 x 8 block in the reference layer as motion vector
predictors for conventional inter-coded macroblock types. A
flag for each used reference picture list that is transmitted on
a macroblock partition level, i.e., for each 16 x 16. 16 x §,
8 x 16, or 8 x 8 block, indicates whether inter-layer motion
vector predictor is used. If this so-called motion prediciion
flag for a reference picture list is equal to 1, the corresponding
reference indexes for the macroblock partition are not coded
in the enhancement layer, but the reference indexes of the
co-located reference layer macroblock partition are used. and
the corresponding motion vector predictors for all blocks of
the enhancement layer macroblock partition are formed by the
scaled motion vectors of the co-located blocks in the reference
layer. A motion prediction flag equal to 0 specifies that the
reference indexes for the corresponding reference picture list
are coded in the enhancement layer (when the number of
active entries in the reference picture list is greater than | as
specified by the slice header syntax) and that conventional
spatial motion vector prediction as specified in H.26:1/AVC
is employed for the motion vectors of the corresponding
reference picture list.

b) Inter-Layer Residual Prediction: Inter-layer residual
prediction can be employed for all inter-coded macroblocks re-
gardless whether they are coded using the newly introduced
SVC macroblock type signaled by the base mode flax or by
using any of the conventional macroblock types. A flag is added
to the macroblock syntax for spatial enhancement layers. which
signals the usage of inter-layer residual prediction. When this
residual prediction flag is equal to 1, the residual signal of tl'fc
corresponding 8 x 8 submacroblock in the reference layer 18
block-wise upsampled using a bilinear filter and used us pres
diction for the residual signal of the enhancement laycr mac
roblock, so that only the corresponding difference signi! needs
o be coded in the enhancement layer. The upsampling of the

reference layer residual is done on a transform block basis in

order to ensure that no filtering is applied across transform block

boundaries, by which disturbing signal componcnis .fenuld be
generated [36]. Fig. § illustrates the visual impact o upsam=
pling the residual by filtering across block poundary and
block-based filtering in SVC.




¢) Inter-Layer Intra-Prediction: When an enhancement
er macroblock is coded with base mode flag equal 1o 1 and
ocated 8 x 8 submacroblock in its reference layer is
. the prediction signal of the enhancement layer
sroblock is obtained by inter-layer intra-prediction, for
h the corresponding reconstructed intra-signal of the refer-
is upsampled. For upsampling the luma component,
ensional 4-tap FIR filters are applied horizontally
lically. The chroma components are upsampled by
simple bilinear filter. Filtering is always performed
submacroblock boundaries using samples of neigh-
intra-blocks. When the neighboring blocks are not
, the required samples are generated by specific
extension algorithms. In this way, it is avoided to re-
inter-coded macroblocks in the reference layer and

allad efsamli Tace S s rao

autl Sl gie-i oo ut’t.l'i'l.ll'ﬂg is plu‘\uucu iJ 1], lJbi.
‘will be further explained in Section V-B.3. To prevent
signal components in the prediction signal, the
VC deblocking filter is applied to the reconstructed
of the reference layer before upsampling.
eralized Spatial Scalability: Similar to H.262 |
Video and MPEG-4 Visual, SVC supports spatial
coding with arbitrary resolution ratios. The only re-
is that neither the horizontal nor the vertical resolution
ease from one layer to the next. The SVC design fur-
cludes the possibility that an enhancement layer picture
s only a selected rectangular area of its corresponding
layer picture, which is coded with a higher or iden-
resolution. Alternatively, the enhancement layer
2 may contain additional parts beyond the borders of the
layer picture. This reference and enhancement layer
. which may also be combined, can even be modified
e-by-picture basis.
e, the SVC design also includes tools for spatial
coding of interlaced sources. For both extensions, the
ed spatial scalable coding with arbitrary resolution ra-
d cropping as well as for the spatial scalable coding of in-
ed sources, the three basic inter-layer prediction concepts
tintained. But especially the derivation process for motion
eters as well as the design of appropriate upsampling fil-
br residual and intra-blocks needed to be generalized, For
tiled description of these extensions, the reader is referred
[35].
hould be noted that in an extreme case of spatial scalable
8. both the reference and the enhancement layer may have
me spatial resolution and the cropping may be aligned
oblock boundaries. As a specific feature of this con-
ion, the deblocking of the reference layer intra-signal for
ayer intra-prediction is omitted, since the transform block
aries in the reference layer and the enhancement layer
ned. Furthermore, inter-layer intra- and residual-predic-
directly performed in the transform coefficient domain
er to reduce the decoding complexity. When a reference
macroblock contains at least one nonzero transform coef-
s the co-located enhancement layer macroblock has to use
e luma transform size (4 x 4 or 8 x 8) as the reference
roblock.

1nn

3) Complexity Considerations: As already pointed out, the
possibility of employing inter-layer intra-prediction is restricted
to selected enhancement layer macroblocks, although coding ef-
ficiency can typically be improved (see Section V-B.4) by gen-
erally allowing this prediction mode in an enhancement layer, as
it was done in the initial decign [33], In [21] and [37], however,
it was shown that decoder complexity can bc significantly re-
duced by constraining the usage of inter-layer intra-prediction.
The idea behind this so-called constrained inter-layer predic-
tion is to avoid the computationally complex and memory access
intensive operations of motion compensation and deblocking for
inter-coded macroblocks in the reference layer. Consequently,
the usage of inter-layer intra-prediction is only allowed for en-
hancement layer macroblocks, for which the co-located refer-
ence layer signal is intra-coded. It is further requirzd that all

T

coded using constrained intra-prediction, so that the intra-coded
macroblocks of the reference layers can be constructed without
reconstructing any inter-coded macroblock.

Under these restrictions, which are mandatory in SVC,
each supported layer can be decoded with a single motion
compensation loop. Thus, the overhead in decoder complexity
for SVC compared to single-layer coding is smaller than that
for prior video coding standards, which all require multiple
motion compensation loops at the decoder side. Additionally, it
should be mentioned that each quality or spatial enhancement
layer NAL unit can be parsed independently of the lower layer
NAL units, which provides further opportunities for reducing
the complexity of decoder implementations [39].

4) Coding Efficiency: The effectiveness of the SVC inter-
layer prediction techniques for spatial scalable coding has been
evaluated in comparison to single-layer coding and simulcast.
For this purpose, the base layer was coded at a fixed bit rate,
whereas for encoding the spatial enhancement layer, the bit rate
as well as the amount of enabled inter-layer prediction mecha-
nisms was varied. Additional simulations have been performed
by allowing an unconstrained inter-layer intra-prediction and
hence decoding with multiple motion compensation loops. Only
the first access unit was intra-coded and CABAC was used as
entropy coding method. Simulations have been carried out for
a GOP size of 16 pictures as well as for IPPPP coding. All en-
coders have been rate-distortion optimized according to [14].
For each access unit, first the base layer is encoded, and given
the corresponding coding parameters, the enhancement layer is
coded [31). The inter-layer prediction tools are considered as
additional coding options for the enhancement layer in the op-
erational encoder control. The lower resolution sequences haye
been generated following the method in [31]. The simulation
results for the sequences “City” and “Crew” with spatial scal-
ability from CIF (352 x 288) to 4CIF (704 x 576) and a frame
rate of 30 Hz are depicted in Fig. 6. For both sequences, results
for a GOP size of 16 pictures (providing 5 temporal layers) are
presented while for “Crew.” also a result for IPPP coding (GOP
size of | picture) is depicted. For all cases, all inter-layer pre-
diction (ILP) tools, given as intra (1), motion (M), and residual
(R) prediction, improve the coding efficiency in comparison to
simuleast. However, the effectiveness of a tool or a combina-
tion of tools strongly depends on the sequence characteristics
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Fig. 6. Efficiency analysis of the inter-layer prediction concepts in SVC for
different sequences and prediction structures. The rate-distortion point for the
base layer is plotted as a solid rectangle inside the diagrams, but it should be
noted that it corresponds to a different spatial resolution.

and the prediction structure. While the result for the sequence
“Crew” and a GOP size of 16 pictures is very close to that for
single-layer coding, some losses are visible for “City,” which is
the worst performing sequence in our test set. Moreover, as il-
lustrated for “Crew,” the overall performance of SVC compared
to single-layer coding reduces when moving from a GOP size
of 16 pictures to IPPP coding.

Multiple-loop decoding can further improve the coding
efficiency as illustrated in Fig. 6. But the gain is often minor
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and comes at the price of a significant increase in decoder copy.
plexity. It is worth noting that the rate-distortion performunce
for multiloop decoding using only inter-layer intra-predictigp
(“multiple-loop ILP (I)") is usually worse than that of the
“single-loop ILP (LM.R)" case, where the latter corresponds
the fully featured SVC design while the former is conceptually
comparable to the scalable profiles of H.262 | MPEG-2 Videq
H.263, or MPEG-4 Visual. However. it should be noted nha;
the hierarchical prediction structures which not only improve
the overall coding efficiency but also the effectiveness of the
inter-layer prediction mechanisms, are not supported in these
prior video coding standards.

5) Encoder Control: The encoder control as used in the
JSVM [31] for multilayer coding represents a bottor-up
process. For each access unit, first the coding parameters of
these data the an

SRR il S

! :
the base layer are determined, and

hancement layers are coded in increasing order of their Liyer
identifier I2. Hence, the results in Fig. 6 show only losses for the
enhancement layer while the base layer performance is identical
to that for single-layer H.264/AVC coding. However, this en-
coder control concept might limit the achievable enhancement
layer coding efficiency, since the chosen base layer coding
parameters are only optimized for the base layer, but ihey
are not necessarily suitable for an efficient enhancement luyer
coding. A similar effect might be observed when using diff: rent
downsampled sequences as input for the base layer coding,
While the encoder control for the base layer minimizes the
reconstruction error relative to each individual downsampled
“original,” the different obtained base layer coding parameters
may result in more or less reusable data for the enhanccment
layer coding, although the reconstructed base layer sequ.nces
may have a subjectively comparable reconstruction qualit:

First experimental results for an improved multilaycr en-
coder control which takes into account the impact of the base
layer coding decisions on the rate-distortion efficiency of
the enhancement layers are presented in [40]. The algorithm
determines the base layer coding parameters using a weighted
sum of the Lagrangian costs for base and enhancement 'iyer.
Via the corresponding weighting factor it is possible to trudeoff
base and enhancement layer coding efficiency. In Fig 7. an
example result for spatial scalable coding with hierarchical
B-pictures and a GOP size of 16 pictures is shown. Four scal-
able bit streams have been coded with both the JSVM and the
optimized encoder control. The quantization parameter QP
for the enhancement layer was set to QP 5 + 4, with QP
being the quantization parameter for the base layer. With the
optimized encoder control the SVC coding efficiency c1n be
controlled in a way that the bit rate increase relative to «inglé
layer coding for the same fidelity is always less than or equal 10
10% for both the base and the enhancement layer.

oiven
given

C. Quality Scalability

Quality scalability can be considered as a special c.s¢ of
spatial scalability with identical picture sizes for base aid €W
hancement layer. As already mentioned in Section V-I. this
case is supported by the general concept for spatial scalable
coding and it is also referred to as coarse-grain quality 5« alable
coding (CGS). The same inter-layer prediction mechanisms
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3 mental results for spatial scalable coding (from CIF to 4CIF,
of the sequence “Soccer” using an optimized encoder control.

scalable coding are employed. but without using the
iding upsampling operations and the inter-layer de-
for intra-coded reference layer macroblocks, Further-
inter-layer intra- and residual-prediction are directly
d in the transform domain. When utilizing inter-layer
n for coarse-grain quality scalability in SVC, a refine-
texture information is typically achieved by requan-
residual texture signal in the enhancement layer with
quantization step size relative to that used for the pre-
38 layer.

r, this multilayer concept for quality scalable coding
llows a few selected bit rates to be supported in a scal-
it stream. In general, the number of supported rate points
itical to the number of layers. Switching between dif-
CGS layers can only be done at defined points in the bit
(cp. Section VI). Furthermore, as will be demonstrated
tion V-C.4, the multilayer concept for quality scalable
omes less efficient, when the relative rate difference
uccessive CGS layers gets smaller.

y for increasing the flexibility of bit stream adapta-
Lerror robustness, but also for improving the coding effi-
bit streams that have to provide a variety of bit rates,
tion of the CGS approach. which is also referred to as
m-grain quality scalability (MGS), is included in the SVC
. The differences to the CGS concept are a modified high-
aling (cp. Section VI), which allows a switching be-
erent MGS layers in any access unit, and the so-called
concept (cp. Section V-C. 1), which allows the adjust-
suitable tradeoff between drift and enhancement layer
ency for hierarchical prediction structures, With the
1, any enhancement layer NAL unit can be dis-
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Fig. 8. Various concepts for trading off enhancement layer coding efficiency
and drift for packet-based quality scalable coding. (a) Base layer only con-
trol. {b) Enhancement layer only control. (¢) Two-loop control. (d) Key picture
concept of SVC for hierarchical prediction structures, where key pictures are
miirked by the hatched boxes.

carded from a quality scalable bit stream, and thus packet-based
quality scalable coding is provided. SVC additionally provides
the possibility to distribute the enhancement layer transform co-
efficients among several slices. To this end, the first and the last
scan index for transform coefficients are signaled in the slice
headers, and the slice data only include transform coefficient
levels for scan indexes inside the signaled range. Thus, the in-
formation for a quality refinement picture that corresponds to
a certain quantization steps size can be distributed over several
NAL units corresponding to different quality refinement layers
with each of them containing refinement coefficients for partic-
ular transform basis functions only (cp. [41]). In addition, the
macroblocks of a picture (and a quality refinement layer) can be
partitioned into several slices as in standard H.264/AVC,

1) Conwrolling Drift in Quality Scalable Coding: The
process of motion-compensated prediction for packet-based
quality scalable coding has to be carefully designed, since it
determines the tradeoff between enhancement layer coding
efficiency and drifr (cp. [42]). Drift describes the effect that the
motion-compensated prediction loops at encoder and decoder
are not synchronized, e.g.. because quality refinement packets
are discarded from a bit stream. Fig. 8 illustrates different
concepts for trading off enhancement layer coding efficiency
and drift for packet-based quality scalable coding.

For fine-grain quality scalable (FGS) coding in MPEG-4
Visual, the prediction structure was chosen in a way that drift is
completely omitted. As illustrated in Fig. 8(a), motion compen-
sation in MPEG-4 FGS is only performed using the base layer
reconstruction as reference, and thus any loss or modification
of a quality refinement packet does not have any impact on the
motion compensation loop. The drawback of this approach,
however, is that it significantly decreases enhancement layer
coding efficiency in comparison to single-layer coding. Since
only base layer reconstruction signals are used for motion-com-
pensated prediction, the portion of bit rate that is spent for
encoding MPEG-4 FGS enhancement layers of a picture cannot
be exploited for the coding of following pictures that use this
picture as reference,

For quality scalable coding in H.262 | MPEG-2 Video, the
other extreme case of possible prediction structures was spec-
ified. Here, the reference with the highest available quality is al-
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ways employed for motion-compensated prediction as depicted
in Fig. 8(b).# This enables highly efficient enhancement layer
coding and ensures low complexity, since only a single refer-
ence picture needs to be stored for each time instant. However,
any loss of quality refinement packets results in a drifts that can
only be controlled by intra-updates.

As an alternative, a concept with two motion compensa-
tion loops as illustrated in Fig. 8(c) could be employed. This
concept is similar to spatial scalable coding as specified in
H.262 | MPEG-2 Video, H.263, and MPEG-4 Visual. Although
the base layer is not influenced by packet losses in the enhance-
ment layer, any loss of a quality refinement packet results in a
drift for the enhancement layer reconstruction.

For MGS coding in SVC an alternative approach using
so-called key pictures |21] has been introduced. For each
picture a flag is transmitted, which signais wheiher ifie basc
quality reconstruction or the enhancement layer reconstruction
of the reference pictures is employed for motion-compensated
prediction. In order to limit the memory requirements, a second
syntax element signals whether the base quality representation
of a picture is additionally reconstructed and stored in the DPB.
In order to limit the decoding overhead for such key pictures,
SVC specifies that motion parameters must not change between
the base and enhancement layer representations of key pic-
tures, and thus also for key pictures, the decoding can be done
with a single motion-compensation 100p. Fig. 8(d) illustrates
how the key picture concept can be efficiently combined with
hierarchical prediction structures.

All pictures of the coarsest temporal layer are transmitted
as key pictures, and only for these pictures the base quality
reconstruction is inserted in the DPB. Thus, no drift is intro-
duced in the motion compensation loop of the coarsest temporal
layer. In contrast to that, all temporal refinement pictures typ-
ically use the reference with the highest available quality for
motion-compensated prediction, which enables a high coding
efficiency for these pictures. Since the key pictures serve as
resynchronization points between encoder and decoder recon-
struction, drift propagation is efficiently limited to neighboring
pictures of higher temporal layers. The tradeoff between en-
hancement layer coding efficiency and drift can be adjusted by
the choice of the GOP size or the number of hierarchy stages.
It should be noted that both the quality scalability structure in
H.262 | MPEG-2 Video (no picture is coded as key picture) and
the FGS coding approach in MPEG-4 Visual (all pictures are
coded as key pictures) basically represent special cases of the
SVC key picture concept.

2) Encoder Control: As described in the previous section,
except for key pictures, motion-compensated prediction for
quality scalable coding is always performed by employing
the highest available quality of the corresponding reference
pictures. However, during the encoding process for MGS layers

4For a generalization of the basic concept, Fig. 8(b) indicates (by dashed ar-
rows) that motion parameters may be changed between base and enhancement
layer, although this is not supported in H.262 | MPEG-2 Video.

SSince H.262 | MPEG-2 Video does not allow partial discarding of quality
refinement packets inside a video sequence, the drift issue can be complelely
avoided in conforming H.262 | MPEG-2 Video bit streams by controlling the
reconstruction quality of both the base and the enhancement layer during en-
codling (cp. Section V-C.4).
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it is not known what representation will be available in the
decoder. The encoder has to decide what reference it will use
for motion estimation, mode decision, and the determination
of the residual signal to be coded (motion compensation). This
decision influences the coding efficiency for the supported rate
points. Several investigations [44], [45] tumned out that a good
coding efficiency is usually obtained when the prediction loop
in the encoder is closed at the highest rate point, i.e., for the
processes of motion estimation, mode decision, and motiop
compensation the references with the highest reconstruction
quality are employed. Note that this is different from so-called
open-loop coding where the original of the reference pictures
is used. In [44] and [45], it is additionally pointed out tha
the coding efficiency of the base layer can be improved by g
two-loop encoder control, in which the base layer residual (. be
coded is determined by a second motion compensation process
for which the base layer references are used. The impact on
enhancement layer coding efficiency is typically small. In order
to further improve the enhancement layer coding efficiency. the
optimized encoder control mentioned in Section V-B.3 can also
be employed for quality scalable coding.

3) Bit Stream Extraction: For extracting a substream with
a particular average bit rate from a given quality scalable bit
stream (using the MGS approach) usually a huge number of
possibilities exist. The same average bit rate can be adjusted by
discarding different quality refinement NAL units. Thus, the ob-
tained average reconstruction error that corresponds to the given
target bit rate may depend on the used extraction method. A
very simple method may consist of randomly discarding “1GS
refinement packets until the requested bit rate is reached. Alter-
natively. in a more sophisticated method, a priority identifier is
assigned to each coded slice NAL unit by an encoder. During
the bit stream extraction process, at first, coded slice NAL unils
with the lowest priority are discarded. and when the targ.t bit
rate is not already reached coded slice NAL units of the ne ( pri-
ority class are discarded, etc. The priority identifiers can either
be fixed by the encoder based on the employed coder structue
or determined by a rate-distortion analysis. The SVC syntax (¢p.
Section V1) provides different means for including such pi 1ority
information in a bit stream. For more detailed information about
the concept of optimized bit stream extraction, which is alsore
ferred to as priority layers, the reader is referred to [46].

4) Coding Efficiency: Tn a first experiment the different cor-
cepts for controlling drift, as discussed in Section V-C.1. ar®
evaluated for hierarchical B-pictures with a GOP size of 10 pic-
tures. With exception of the 2-loop control, all configurations
could be realized with an SVC compliant encoder. Resulis for
the sequences “City” and “Crew" are summarized in Fig. 0. Fof
these simulations, the intermediate rate points for all drift com
trol concepts were obtained by randomly discarding quality ™
finement NAL units.

When the motion compensation loop is closed at the base
layer (BL-only control) as in MPEG-4 FGS [corresponding 1
Fig. 8(a)], no drift occurs, but the enhancement layer coding
efficiency is very low, especially for sequences like “City" 18
which motion-compensated prediction works very well.

By closing the loop only at the enhancement layer (EL-onl}
control), as it is done in the quality scalable mode
H.262 | MPEG-2 Video [corresponding to Fig. 8(b)], & high
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nent layer coding efficiency can be achieved. But the
g of enhancement layer packets typically results in
s drift, and the reconstructed video quickly becomes
It should be noted that the behavior of the enhance-
t layer only control highly depends on the employed
control concept. For the simulations in Fig. 9, the
control was operated with the goal to optimize the
ment layer coding efficiency. With a different encoder
it is possible to obtain a base layer that has the same
efficiency as a single-layer bit stream. However, such
r control significantly reduces the enhancement layer
g efficiency. And regardless of the used encoder control, a
al loss of the enhancement layer NAL units always results
ificant drift.

ar behavior can also be observed for the 2-loop control
nding to Fig. 8(c)], but here the reconstruction quality
lizes for low rates at the base layer level. For the sequence
W" the corresponding impact is less obvious, since a sub-

@l portion of macroblocks is intra-coded and the differ-

S only apply for inter-coding.

ith the SVC key picture concept [adapt. BL/EL control—
Sponding to Fig. 8(d)], in which the pictures of the coarsest

oral level are coded as key pictures, a reasonable coding ef-

icy for the entire supported rate interval can be achieved in

ction with hierarchical prediction structures. The results

also show that the SVC design can only provide a suit-

ling efficiency for quality scalable coding with a wide

01 supported bit rates when hierarchical prediction struc-

ire employed.
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Fig. 10. Comparison of CGS and MGS sculable coding with different configu-
rations for the sequences “City" and “Crew” in CIF resolution and a frame rate
of 15 Hz.

In a second experiment different configurations for providing

quality scalability are evaluated. In Fig. 10, the coding efficiency
of CGS coding and MGS coding with key pictures is compared
to that of single-layer coding for hierarchical B-pictures with a
GOP size of 16 pictures. For the quality scalable bit streams, the
bit rate interval between the lowest and highest supported rate
point corresponds to a QP difference of 12, i.e., the enhance-
ment layer quantization step is equal to 1/4th of the base layer
quantization step size. By comparing different CGS configura-
tions with different choices of dela QP (DQP), which is the
numerical difference between the QP values of two successive
layers, it can be seen that coding efficiency generally decreases
with an increasing number of supported rate points, i.e., with de-
creasing DQP. The diagrams also contain rate-distortion curves
for CGS with multiple-loop decoding. which is not supported
by the SVC design. As already observed for spatial scalable
coding, multiple-loop decoding for CGS increases coding ef-
ficiency only slightly and therefore, it does not justify the corre-
sponding increase in decoder complexity relative to single-loop
decoding. Additionally, Fig. 10 also shows the coding efficiency
of the more flexible MGS coding with the usage of the key pic-
ture concept and a DQP of 6. The improved coding efficiency
at the highest rate point and the reduced coding efficiency at the
lowest rate point for the MGS runs in comparison to the CGS
runs with DQP equal to 6 are a result of the improved encoder
control for MGS, which is described in Section V-C.2. It should
be noted that with MGS coding, the number of supported rate
points is significantly increased in comparison to CGS coding.

58



e [EEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY. YOL. 17, NO. 9, SEPTEMBER 20) 7

Soccer, CIF 30Hz, GOP18

u -___I_—_——I-ﬁ L) L)

— Single Layer 3 !

37| --=-Single Layer + 10% |-~ ==~~~ F """
o JSVM encodar :

f
'%
a

Average Y-PSNRU [dB]
&
i
1

a4t e e il e o e M el e e i s ) R
)
[
Lo e T ~ N
L}
32 L
] 100 500 600

Fig. 11. Experimental results for quality scalab { the sequence

le codin
“Soceer” (CIF resolution, 30 Fz) using an vptimized Sheog

FRLE]
(=3

Fig. 11 demonstrates how the coding efficiency of quality
scalable coding can be improved by employing the optimized
encoder control mentioned in Section V-B.5. For this simula-
tion, hierarchical B-pictures with a GOP size of 16 pictures were
used. Quality scalability is achieved by MGS coding without
using key pictures. The depicted rate points have been obtained
by successively discarding the largest temporal levels of the
MGS enhancement layer. It can be seen that coding efficiency
can be significantly improved at the high-rate end by tolerating
a coding efficiency loss for the lowest rate point. With the op-
timized encoder control it was possible to limit the bit rate in-
crease compared to single-layer coding at the same fidelity to
about 10% over the entire supported bit rate range.

5) SVC-to-H.264/AVC Rewriting: The SVC design also
supports the creation of quality scalable bit streams that can be
converted into bit streams that conform to one of the nonscal-
able H.264/AVC profiles by using a low-complexity rewriting
process [47]. For this mode of quality scalability, the same
syntax as for CGS or MGS is used, but two aspects of the
decoding process are modified.

1) For the inter-layer intra-prediction, the prediction signal is
not formed by the reconstructed intra-signal of the refer-
ence layer, but instead the spatial intra-prediction modes
are inferred from the co-located reference layer blocks,
and a spatial intra-prediction as in single-layer H.264/AVC
coding is performed in the target layer, i.e., the highest
quality refinement layer that is decoded for a picture. Addi-
tionally, the residual signal is predicted as for motion-com-
pensated macroblock types.

2) The residual prediction for inter-coded macroblocks and
for inter-layer intra-coded macroblocks (base maode flag is
equal to 1 and the co-located reference layer blocks are
intra-coded) is performed in the transform coefficient level
domain. i.c.. not the scaled wansform coefficients, but the
quantization levels for transform coefficients are scaled
and accumulated.

These two modifications ensure that such a quality scalable
bit stream can be converted into a nonscalable H.264/AVC bit
stream that yields exactly the same decoding result as the quality
scalable SVC bit stream. The conversion can be achieved by
a rewriting process which is significantly less complex than
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Fig. 12. SVC encoder structure example,

transcoding the SVC bit stream. The usage of the modified e-
coding process in terms of inter-layer prediction is signaled by
a flag in the slice header of the enhancement layer slices.

V1. SVC HiGH-LEVEL DESIGN

In the SVC extension of H.264/AVC, the basic concepts
for temporal, spatial, and quality scalability as described in
Section V are combined. In order to enable simple bit stream
adaptation, SVC additionally provides means by which the
substreams that are contained in a complete scalable bit sticam
can be easily identified. An SVC bit stream does not necd to
provide all types of scalability. Since the support of quality and
spatial scalability usually comes along with a loss in coding
efficiency relative to single-layer coding, the tradeoff between
coding efficiency and the provided degree of scalability can be
adjusted according to the needs of an application. For a fuither
comparison of spatial and quality scalability with single-layer
coding, the reader is referred to [48].

A. Combined Scalability

The general concept for combining spatial, quality. and
temporal scalability is illustrated in Fig. 12. which shows an
example encoder structure with (wo spatial layers. The SVC
coding structure is organized in dependency layers. A depent
dency layer usually represents a specific spatial resolution. In
an extreme case it is also possible that the spatial resc lution
for two dependency layers is identical. in which case the dif-
ferent layers provide coarse-grain scalability (CGS) in terms
of quality. Dependency layers are identified by a dependency
identifier D, The spatial resolution must not decrease from oné
layer to the next. For each dependency layer, the basic concepls
of motion-compensated prediction and intra-prediction 4
employed as in single-layer coding: the redundancy berween
dependency layers is exploited by additional inter-layer | redic-
tion concepts as explained in Section V-B.1.

Quality refinement layers inside each dependency layer ar
identified by a quality identifier . However, when a reference
layer for a spatial enhancement layer (dependency layer) O™
wains different quality representations, it needs to be sig
which of these is employed for inter-layer prediction. There”
fore. SVC slices include a syntax element, which not only SIE°
nals whether inter-layer prediction is employed, but also the
pendency identifier D and the quality identifier Q of the ¢0f
responding reference layer. For quality refinement layers with
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uality identifier Q@ > 0, always the preceding quality layer
a quality identifier ¢ — 1 is employed for inter-layer pre-
. In order to limit the memory requirement for storing
diate representations, all slices of a dependency layer at
fic time instant have to use the same base representation
sntified by 1 and @ for inter-layer prediction.
Jne important difference between the concept of dependency
s and quality refinements is that switching between dif-
nt dependency layers is only envisaged at defined switching
owever, switching between different quality refinement
s virtually possible in any access unit, Quality refine-
can either be transmitted as new dependency layers (dif-
ent 1) or as additional quality refinement layers (different ()
de a dependency layer. This does not change the basic de-
process. Only the high-level signaling and the error-de-
capabilities are influenced. When quality refinements
d inside a dependency layer (identical D, different Q),
decoder cannot detect whether a quality refinement packet
ng or has been intentionally discarded. This configura-
mainly suitable in connection with hierarchical prediction
ures and the usage of key pictures in order to enable effi-
ket-based quality scalable coding.
C. all slice data NAL units for a time instant together
0 or more non-VLC NAL units form an access unit.
er-layer prediction can only take place from a lower to a
layer inside an access unit, spatial and quality scalability
be easily combined with temporal scalability. To all slices
ss unit the same temporal level 7' is assigned.
ition to the main scalability types, temporal, spatial, and
' scalability, SVC additionally supports ROl scalability.
ability can be realized via the concepts of slice groups
ion TV-B), but the shape of the ROI is restricted to pat-
can be represented as a collection of macroblocks.

ystem Interface

1 important goal for SVC standard is to support easy bit
M manipulation. In order to extract a substream with a re-
| spatio—temporal resolution and/or bit rate, all NAL units
re not required for decoding the target resolution and/or
€ should be removed from a bit stream. For this purpose,
heters like the dependency identifier D, the quality iden-
), and the temporal identifier 7' need to be known for
d slice NAL unit. Furthermore, it needs to be known
units are required for inter-layer prediction of higher

brder 1o assist easy bit stream manipulations, the 1-byte
rof H.264/AVC is extended by additional 3 bytes for SVC
unit types. This extended header includes the identifiers
and 7" as well as additional information assisting bit
adaptations. One of the additional syntax elements is a
ty identifier P, which signals the importance of a NAL
t can be used either for simple bit stream adaptations
L single comparison per NAL unit or for rate-distortion
zed bit stream extraction using priority layer information
ection V-C.3).

- SVC bit stream includes a substream, which is
tant to a nonscalable profile of H.264/AVC. Standard

mz

H.264/AVC NAL units (non-SVC NAL units) do not include
the extended SVC NAL unit header. However. these data are
not only useful for bit stream adaptations, but some of them are
also required for the SVC decoding process. In order to attach
this SVC related information to non-SVC NAL units, so-called
prefix NAL Gniis are iniroduced. These NAL units directly
precede all non-SVC VCL NAL units in an SVC bit stream and
contain the SVC NAL unit header extension.

SVC also specifies additional SEI messages, which for ex-
ample contain information like spatial resolution or bit rate of
the layers that are included in an SVC bit stream and which can
further assist the bit stream adaptation process. More detailed
information on the system interface of SVC is provided in [49].
Information on the RTP payload format for SVC and the SVC
file format are given in [50] and [51], respectively.

C. Bit Stream Switching

As mentioned above, switching between different quality re-
finement layers inside a dependency layer is possible in each
access unit. However, switching between different dependency
layers is only possible at IDR access units. In the SVC context,
the classification of an access unit as IDR access unit generally
depends on the target layer. An IDR access unit for a depen-
dency layer D signals that the reconstruction of layer D for the
current and all following access units is independent of all pre-
viously transmitted access units. Thus, it is always possible to
switch to the dependency layer (or to start the decoding of the
dependency layer) for which the current access unit represents
an IDR access unit. But it is not required that the decoding of
any other dependency layer can be started at that point. IDR
access units only provide random access points for a specific
dependency layer. For instance, when an access unit represents
an IDR access unit for an enhancement layer and thus no mo-
tion-compensated prediction can be used, it is still possible to
employ motion-compensated prediction in the lower layers in
order to improve their coding efficiency.

Although SVC specifies switching between different depen-
dency layers only for well-defined points, a decoder can be im-
plemented in a way that at least down-switching is possible in
virtually any access unit. One way is to do multiple-loop de-
coding. That means, when decoding an enhancement layer, the
pictures of the reference layers are reconstructed and stored in
additional DPBs although they are not required for decoding the
enhancement layer picture. But, when the transmission switches
to any of the subordinate layers in an arbitrary access unit, the
decoding of this layer can be continued since an additional DPB
has been operated as if the corresponding layer would have been
decoded for all previous access units. Such a decoder implemen-
tation requires additional processin £ power. For up-switching,
the decoder usually has to wait for the next IDR access unit.
However, similar to random access in single-layer coding, a de-
coder can also immediately start the decoding of all arriving
NAL units by employing suitable error concealment techniques
and deferring the output of enhancement layer pictures (i.e.,
continuing the output of lower layer reconstructions) until the
reconstruction quality for the enhancement layer has stabilized
(gradual decoder refresh).
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D. Profiles

Profiles and levels specify conformance points to facilitate in-
teroperability between applications that have similar functional
requirements. A profile defines a set of coding tools that can be
used in generating a bit stream, whereas a level specifies con-
straints on certain key parameters of the bit stream. Ali decoders
conforming to a specific profile must support all included coding
tools.

The SVC Amendment of H.264/AVC specifies three profiles
for SVC [10]: Scalable Baseline, Scalable High, and Scalable
High Intra. The Scalable Baseline profile is mainly targeted for
conversational and surveillance applications that require a low
decoding complexity. In this profile, the support for spatial scal-
able coding is restricted to resolution ratios of 1.5 and 2 between
successive spatial layers in both horizontal and vertical direction
and to macroblock-aligned cropping. Furthermore, the coding
tools for interlaced sources are not included in this profile. For
the Scalable High profile, which was designed for broadcast,
streaming, and storage applications, these restrictions are re-
moved and spatial scalable coding with arbitrary resolution ra-
tios and cropping parameters is supported. Quality and tem-
poral scalable coding are supported without any restriction in
both the Scalable Baseline and the Scalable High profile. Bit
streams conforming to the Scalable Baseline and Scalable High
profile contain a base layer bit stream that conforms to the re-
stricted Baseline profile and the High profile of H.264/AVC [6],
respectively. It should be noted that the Scalable Baseline pro-
file supports B-slices, weighted prediction, the CABAC entropy
coding, and the 8 x 8 luma transform in enhancement layers
(CABAC and the 8 x 8 transform are only supported for certain
levels), although the base layer has to conform to the restricted
Baseline profile, which does not support these tools.

Bit streams conforming to the Scalable High Intra-profile,
which was mainly designed for professional applications, con-
tain only IDR pictures (for all layers). Beside that, the same set
of coding tools as for the Scalable High profile is supported.

VII. CONCLUSION

In comparison to the scalable profiles of prior video coding
standards, the H.264/AVC extension for SVC provides various
tools for reducing the loss in coding efficiency relative to single-
layer coding. The most important differences are as follows.

» The possibility to employ hierarchical prediction structures
for providing temporal scalability with several layers while
improving the coding efficiency and increasing the effec-
tiveness of quality and spatial scalable coding.

« New methods for inter-layer prediction of motion and
residual improving the coding efficiency of spatial scal-
able and quality scalable coding.

« The concept of key pictures for efficiently controlling the
drift for packet-based quality scalable coding with hierar-
chical prediction structures.

+ Single motion compensation loop decoding for spatial and
quality scalable coding providing a decoder complexity
close to that of single-layer coding.

+ The support of a modified decoding process that allows a
lossless and low-complexity rewriting of a quality scalable
bit stream into a bit stream that conforms 1o a nonscalable
H.264/AVC profile.
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These new features provide SVC with a competitive rate-dis-
tortion performance while only requiring a single motion con -
pensation loop at the decoder side. Our experiments further 1.
lustrate the following.

+ Temporal scalability: can be typically achieved without

losses in rate-distortion performance.

+ Spatial scalability: when applying an optimized SVC cii-
coder control, the bit rate increase relative to nonscalable
H.264/AVC coding at the same fidelity can be as low
10% for dyadic spatial scalability. It should be noted tha
the results typically become worse as spatial resolution of
both layers decreases and results improve as spatial reso-
lution increases.

« SNR scalability: when applying an optimized encodcr
control, the bit rate increase relative to nonscalable
H.264/AVC coding at the same fidelity can be as low as
10% for all supported rate points when spanning a bit rue
range with a factor of 2-3 between the lowest and highest
supported rate point.

APPENDIX
TEST SEQUENCES

The test sequences that are used for simulations in this paper
are summarized in Tables I and I1. All sequences are in YUV
4:2:0 color format, in which the two chroma components ure
downsampled by a factor of two in each spatial direction. The
tables specify the maximum spatial and temporal resolution of
the sequences. Sequences with a lower temporal resolution are
obtained by frame skipping, and sequences with a lower spa-
tial resolution are obtained by downsampling as specified in the
ISVM [22].

The test sequences are classified into a high-delay and a low-
delay test set. The high-delay test set contains sequences, which
have been widely used for testing purposes during the SVC de-
velopment. The sequences in this set contain different amounts
of detail and motion. For low-delay configurations, we uscd a
second, self-recorded test set that is more appropriate for te.ng
low-delay features. Since low-delay is mainly required for inter-
active video telephone or videoconferencing applications  the
low-delay test set consists of a variety of video conferencing
sequences,
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ct—A scalable extension to the H.264/AVC video coding
dard has been developed within the Joint Video Team (JVT), a
organization of the ITU-T Video Coding Group (VCEG) and
[EC Moving Picture Experts Group (MPEG). The exten-
‘allows multiple resolutions of an image sequence to be con-
in a single bit stream. In this paper, we introduce the spa-
scalable extension within the resulting Scalable Video Coding
d. The high-level design is described and individual coding
 are explained. Additionally, encoder issues are identified. Fi-
the performance of the design is reported.
ex Terms—H.264/AVC, Scalable Video Coding (SVC), spatial
1 l)‘.

I. INTRODUCTION

A JITH the expectation that future applications will sup-
port a diverse range of display resolutions and trans-
sion channel capacities, the Joint Video Team (JVT) has
veloped a scalable extension [1], [2] to the state-of-the-art
64/AVC video coding standard [3]-[6]. This extension is
only known as Scalable Video Coding (SVC) and it pro-
support for multiple display resolutions within a single
essed bit stream (or in hierarchically related bit streams),
ich is referred to here as spatial scalability. Additionally, the
C extensions support combinations of temporal scalability
ime rate enhancement) and quality scalability (fidelity en-
nent for pictures of the same resolution) with the spatial
ility feature [2]. This is achieved while balancing both de-
complexity and coding efficiency.

resolution diversity of current display devices motivates
for spatial scalability. Specifically, larger format, high
displays are becoming common in consumer applica-
5, with displays containing over two million pixels readily
llable. By contrast, lower resolution displays with between
housand and one hundred thousand pixels are also popular
yplications constrained by size, power and weight, Unfortu-
ly, ransmitting a single representation of a video sequence
ie range of display resolutions available in the market is im-
tical. For example, it is rarely justifiable to design a device
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n ded by Guest Editor T. Wiegand.

A. Segall is with Sharp Laboratories of America, Camas, WA 98607 USA
lil: asegall @sharplabs.com).

J. Sullivan is with Microsoft Corporation, Redmond, WA 98052 USA
Mil: garysull@microsoft.com),

lor versions of one or more of the figures in this paper are available online
Nffiecexplore.ieee.org.

gital Object Identifier 10.1109/TCSVT.2007.906824

i TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY. YOL. 17, NO. 9, SEPTEMBER 2007

1121

Spatlal Scalability Within the H.264/AVC Scalable
Video Coding Extension
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and Gary J. Sullivan, Fellow, IEEE
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with low display resolution with the capacity for decoding and
down-sampling high-resolution video material. Such a require-
ment could increase the cost and power of the device to the point
of exceeding the very constraints that determined its display res-
olution, In addition, sending the high-resolution details that are
ultimately not shown on the display for such a device is a waste
of its receiving channel bit rate.

Diverse, limited, and time-varying channel capacity provides
a second motivation for spatial scalability, Here, the concern is
that channel capacity may preclude the reliable transmission of
high-resolution video to specific devices or at specific time in-
stances. Spatial scalability allows for the rapid bit rate adapta-
tion that can be a necessity in such scenarios. This bit rate adap-
tation is achieved without transcoding operations or feedback to

vl T [ NS S Al
a complex real-time SNCOAINng process, both of which can iniro-

duce unacceptable complexity and delay.

The purpose of this paper is to discuss key concepts of spa-
tial scalability within the SVC extension. This project is the
fourth in a historical series of efforts to standardize spatially
SVC schemes (after prior efforts in MPEG-2 [7], [8], H.263
Annex O [9]. and MPEG-4 part 2 [10]), although the prior de-
signs were basically not successful in terms of industry adop-
tion. This paper points out several ways in which the new design
addresses the problems of those prior approaches.

The rest of this paper is organized as follows. Section II pro-
vides an overview of H.264/AVC spatially scalable coding and
compares it to alternative scalable approaches. In Section 111,
the specific coding tools within the spatial SVC design are de-
scribed. In Section IV, encoder issues related to spatial SVC
are considered. In Section V, the performance of the spatial
SVC extension is presented. Finally, conclusions are provided
in Section VI.

II. OVERVIEW

The SVC extension of H.264/AVC provides a mechanism for
reusing an encoded lower resolution version of an image se-
quence for the coding of a corresponding higher resolution se-
quence. This is shown in Fig. 1, where a diagram of a hypo-
thetical SVC encoder is provided. Subsequent sections discuss
the specific tools introduced in the SVC extension. However,
to better aid in the understanding of the SVC design, this sec-
tion focuses on higher level concepts. We begin by identifying
basic concepts and definitions necessary for discussion of the
SVC design. Then, we consider the high level spatial relation-
ship between resolutions in a bit stream. Finally, we summarize

1051-8215/$25.00 © 2007 IEEE
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Fig. 1. High-level diagram of spatial scalability in the SVC design. The “base layer” encoder takes a lower resolution video sequence as input and encodes |

with

the H.264/AVC video coding standard while conforming to a legacy profile. The enhancement layer encoder takes a higher resolution sequence as input. The higher
resolution sequence can be encoded with ordinary H.264/AVC technologies. Moreover, inter-layer prediction can be used to provide additional coding choices For
the case of intra-picture coded blocks in the base layer, reconstructed intensities provide a prediction for the enhancement layer. For the case of inter-piciu- oded
blocks in the base layer, enhancement layer motion vectors and residual difference information can be predicted from the base layer. Further resolution laycrs can
be added in un analogous fashion and can wiilize either the base layer or previously transmitted enhancement layers for inter-layer prediction. Morcover, other

farms of SVC (temporal or quality) enhancement may also be present.

two key design concepts in the SVC extension—image pyra-
mids and single-loop decoding.

A. Basic Concepts

The basic mission of a scalable design is two-fold: 1) to min-
imize the coding efficiency loss relative to single-layer coding;
and 2) to minimize the complexity increase (especially for de-
coders) relative to single-layer coding. By single-layer coding,
we refer to the coding of a video sequence without providing
the scalability functionality. Unless a result with coding effi-
ciency significantly superior to a simulcast solution can be ob-
tained, a scalable solution with any complexity penalty is use-
less. By simulcast, we refer to the coding of both source video
sequences of a scalable scenario as entirely separate single-layer
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bit streams and transmitting them using the sum of the two bit
rates. The challenge here is considerable—among the three P
ical basic forms of bit stream scalability, i.e., spatial, lcmpuﬂ‘flf
and quality, the spatial form seems to be the most difficult m
which to achieve significant superiority to a simulcast solution.
One dominant reason for this is the focus of the JVT on sup”
porting lower resolution versions of image sequences with high
visual quality, as opposed to lower resolution representations
that provide high coding efficiency.

The lowest resolution video data in a spatially scalable sy stetlll
is sometimes referred to as the base layer (especially when !
is decodable by an ordinary nonscalable single-layer decodet):
and the higher resolution video data is often referred to as (he €
hancement layer. Processes that determine or predict the value
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of enhancement layer data from previously reconstructed data
a lower resolution layer at the same time instance are re-
d to as inter-layer prediction processes, and the source for
diction is referred to as the reference layer. Other forms
ediction include inter-picture prediction, involving predic-
n operating temporally between different pictures of the same
olution layer, and intra-picture prediction, involving predic-
‘operating spatially within the same picture of one particular
' on layer.
From a video coding specification perspective, the set of

a comprising a SVC representation is treated as a single
stream. However, from a systems multiplex or file storage
ive, the data might often be handled differently—as
t hierarchically related streams of content that are coor-
using decoding timestamps or other such mechanisms.
the handling of the data, such
ling channel bit rate adaptation or ensuring that legacy
s that do not support scalability are presented with only
layer for decoding.

degree of familiarity with the concepts of the orig-
64/AVC standard is assumed in the presentation pro-
herein, such as the concepts of macroblocks, motion par-
biprediction, inter-picture prediction using multiple ref-
pictures, and reference picture lists. Readers unfamiliar
this background information may benefit from referring to
6]. Moreover, one topic that is somewhat neglected in this
ation is that of interlaced-scan video content. Herein the
ples of the spatial SVC design are explained under the as-
on of frame-structured progressive-scan pictures, so that
ncepts can be described without the need to consider the

s of the handling of interlaced fields and frames. The ap-
ion of these SVC concepts to interlaced video is straight-
for those familiar with interlaced video coding using
64/AVC. For further information about interlaced video sup-
1in the SVC context, the reader is referred to [11]. The
view of SVC in general that is found in [2] will also be of
rest to many readers,
An additional simplification used in much of the discussion
this overview paper is to primarily consider a bit stream con-
2 only two layers—a lower resolution base layer and a
r resolution spatial scalability enhancement layer, In fact,
SVC design fully supports multilayer scenarios including
iple spatial scalability layers and the mixing of spatial scal-
ty layers with other layers that provide temporal or quality
ability. Considerable fiexibility is also provided in regard
ie selection of the reference layer for each enhancement
I, such that a bit stream can contain branching dependency
AUTCS.
8 with prior international standards for video coding (scal-
‘and nonscalable), the scope of the standard is limited to
ifying the decoding process and the format of the Syntax.
bder designers are free to use any encoding algorithms they
» 50 long as the bil stream they produce conforms to the
lat specification. Any kind of preprocessing is also allowed
10 encoding, and decoding devices are allowed to contain
sort of post-processing, error and loss concealment tech-
Bs, and display-related customization.
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B. Inter-Layer Spatial Relationships and Profile Constraints

An important feature of the SVC design, from a high-level
functionality perspective, is the ability for the lower resolution
and higher resolution pictures in a spatially scalable bit stream
to represent different regions of a video scene. For example, a
system may transmit standard definition television content, with
a picture aspect ratio of 4:3, as a base layer and high definition
television content, with a picture aspect ratio of 16:9, in a higher
resolution enhancement layer. Such a use case requires crop-
ping and offsetting the origins of the picture regions in addition
to scaling, as the lower resolution layer signal may not repre-
sent the entire extent of the higher resolution sequence (and vice
versa). The common “pan and scan™ technique used on stan-
dard-definition DVDs for converting wide screen data for dis-

play on a 4:3 display is an example of a more limited form o

such display adaptation, The SVC extension supports such ca-
pability in a flexible but straightforward manner. Relative posi-
tioning and windowing parameters are provided in picture-level
syntax structures, so that flexible cropping, scaling, and align-
ment relationships can not only be supported but may be varied
on a picture-by-picture basis.

However, such flexibility can be constrained to simplify the
use cases for particular applications. In particular, the SVC
extension includes the definition of three profiles of the design.
These are the “Scalable Baseline™ profile, the “Scalable High”
profile, and the “Scalable High Intra” profile. While the latter
two profiles support full spatial SVC flexibility, the Scalable
Baseline profile imposes the following constraints to enable
simplified application scenarios.

* The width and height of the scaled regions of lower res-
olution and higher resolution pictures must have the same
scaling ratio, and this ratio can only have the value 1.5 or 2.
The spatial offsets specifying the relative location of the
upper left corner of the lower and higher resolution pic-
ture regions must be multiples of 16 both horizontally and
vertically (i.e., they must be in units of macroblocks).

The case using a scaling ratio of 2 with spatial offset con-
straints as noted above is often referred to as dyadic spatial
scalability, whereas the more general case is known as extended
spatial scalability [12].

[

=&
1

C. Image Pyramids and Related Coarse-to-Fine Hierarchies

Image pyramids describe a relationship between lower res-
olution and higher resolution versions of an image.! This re-
lationship is found in a variety of image and video processing
scenarios, and image pyramids have been incorporated into a
variety of applications, e.g., [13]-[19], as well as previous scal-
able efforts in the video coding standards [7]-[10]. In the SVC
extension, a coarse-to-fine hierarchy of images is also used for
spatial scalability. The original high-resolution image sequence
is converted to lower resolutions by filtering and decimating.
Then, the sequence of pictures at the lowest of these resolutions
is coded in a manner such that it can be decoded independently.
Each higher resolution video sequence is coded relative to a de-
coded lower resolution sequence.

’Thelennspiamaadﬁmgcmminlerdmngublyhm
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The use of an image pyramid for video coding does not come
without penalties. Specifically, an image pyramid is an over-
complete decomposition. In other words, the number of image
samples in the entire pyramid structure is larger than the number
of samples in an original high-resolution image. This is in con-
trast to embedded representations that use critically sampled de-
compositions. For example, wavelet decompositions are well
known to provide inherent scalability and viable image coding
designs [20]-[24]. In the development of the SVC extension,
such critically sampled decompositions were also considered
[25]-[28]. However, the aliasing introduced by these decom-
positions, while suitable for still image coding, were deemed
problematic for video. Specifically, the aliasing can make effec-
tive motion compensated inter-picture prediction more difficult,
as well as lead to objectionable temporal artifacts. Additionally,
the wavelet design may be likely to require more computational
resources than the traditional block-based coding approach.

The decision 1o use an image pyramid in the SVC project
provides flexibility for encoder and application designers. The
down-sampling operation is not defined in the standard, so
that encoder designers are free to employ the down-sampler
that they consider most suitable. For example, applications
that are sensitive to encoder hardware costs would select a
down-sampler with minimum complexity for the specific im-
plementation architecture. Alternatively, in other applications,
additional computational complexity may be acceptable in
order to achieve a higher quality result, These applications
would choose a more sophisticated, and likely more complex,
down-sampling method.

D. Single-Loop Decoding Concept

The concept of image pyramids describes the relationship be-
tween images of different resolution. However, image pyramids
do not capture the evolution of that relationship between com-
pressed images through time in sequences of such images. To
understand this relationship. we need to consider the concepts of
mudtiloop and single-loop decoding. Single-loop decoding, also
called constrained inter-layer prediction [29]-[32], is a funda-
mental property of the new SVC design, and it is described in
the remainder of the section.

In the family of ITU-T and ISO/MEC video coding standards,
which includes H.264/AVC, block-wise motion compensated
inter-picture prediction plays a critical role in improving coding
efficiency. This is accomplished by transmitting (or having the
decoder infer) one or more motion vectors to predict a block in
the current picture from the content of previously decoded ref-
erence pictures. Then, additional information about the residual
difference between the prediction and the actual image data
may be sent. For natural image sequénces, which often contain
slowly evolving features, the motion compensation process ex-
ploits the inherent characteristics of the image sequence.

In designing the SVC extension of the H.264/AVC standard, a
fundamental question was how to use the motion compensation
process within the context of spatial scalability. One potential
approach (used in all previous standardized designs) would be
to perform multiloop decoding. In this scenario, each low-res-
olution picture is completely decoded, including low-resolu-
tion motion-compensation prediction operations in particular.
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Then, the coarse-to-fine relationship of the image pyramid is
used to predict the lower frequency components of a higher res-
olution enhancement-layer picture using up-sampling of the de-
coded lower resolution picture. Additionally, motion compen

sated inter-picture prediction is performed again at the enhance

ment layer. This predicts the high frequency components of the
enhancement layer.

Using a decoder with multiple motion compensation loops
does improve the coding efficiency of a scalable video codec,
but the benefit in coding efficiency turns out to be minimal
when all available coded data is used effectively in other way s
[29]-{32]. Moreover. the multiloop decoding scheme increases
decoding complexity. Motion compensation is performed o
each resolution and the reconstructed pictures of all levels of
the pyramid are stored for each time instant, This becomes
problematic in practice, as motion compensation requircs
high memory bandwidths for many processing architectur. s
[33], and the extra decoding processes involved in multiloop
decoding add undesirable sequential dependencies to the d-
coding process as well as require extra encoder and decoder
implementation and debugging efforts.

In the SVC design, a lower complexity approach is adopted,
Motion compensation is performed only at the target decod.d
resolution (e.g., the displayed resolution). Thus, the decodiig
structure of the SVC design is referred to as a single-loop desi. n,
which simply means that only the operation of a single motion
compensation loop is necessary to reconstruct the image se-
quence for any resolution layer. This provides an important fea-
ture, as it reduces the complexity of motion compensation to that
of asingle-layer decoder—eliminating the major source of com-
plexity penalty in prior SVC designs. As will be seen in the nexi
section, good coding efficiency can still be achieved without re-
quiring multiloop decoding, by effectively propagating the in-
formation found in the coded motion vectors, mode information
and residual difference data from each lower resolution layer to
each next higher resolution layer. This propagation employs the
previously described image pyramid concept.

To further ease implementation, the syntax of the SVC ex-
tension has been designed in a way that it allows the separate
parsing of each layer of the syntax (without parsing other 1 vers
and without operating the decoding processes of lower 1avers)
[34], [35]. Completing the full decoding process, of course, re-
quires further processing of some parsed data of each layer up 10
the target decoded layer (but not full multilayer decoding. due
to the single-loop nature of the design).

1I1. CobpING TooLS

SVC introduces several design features to enable spatiz! scal-
ability. These tools include the calculation of corresponding po-
sitions in different resolution layers, methods for inter-layer pre:
diction of various data such as macroblock prediction modes and
motion vectors, an “I_BL" macroblock type that uses inter-1ay¢f
up-sampled image prediction, and a residual difference signd!
prediction technique that uses inter-layer up-sampled rcsidudl
difference prediction. These tools are provided in additio . © 1he
original single-layer coding tools, such as (spatial) intra-pictir®
and (temporal) inter-picture coding techniques, and an cn o0
must determine when each tool is most appropriate. Describi?é



‘new tools and how they are combined effectively with the
al H.264/AVC single-layer design features is the focus of
g section,

culation of Corresponding Spatial Positions

The first design feature that we wiil discuss in detail is the
culation of corresponding positions in adjacent levels of the
mid hierarchy. This concept is used in several ways in the
SVC extension,

tifying sample locations in a lower resolution layer that
pond to sample locations in the enhancement layer is per-
d at fractional-sample accuracy. Specifically, sample po-
are calculated to 1/16th sample position increments and
d using fixed-point operations us

AT MY o TS0 - Y
B, = Round (Lv):;i—:—':ﬂ)
B, = Round (E—"*;g—ff-’i) (1)
ere 53, and B, are, respectively, the horizontal and vertical
ple coordinates in the lower resolution (e.g., base layer) pic-
e array, £, and E, are horizontal and vertical sample coordi-
s in the high-resolution (enhancement-layer) picture array,
| R and R, are higher precision (1/2% sample position) ref-
nce offset locations for grid reference position alignment,
| D, and D, are scaled inverses of the horizontal and ver-
I resampling ratios. [, and D, are specified as

25 « BaseWidth
ScaledBaseWidth
2% « BaseHeight )

D. = Round (

(2)

Sy =Sovd (ScaledBaseHeighl

re BaseWidth and BaseHeight denote the width and height
e rectangular region of the lower resolution picture array to
ip-sampled, respectively, and ScaledBaseWidth and Scaled-
eHeight denote the width and height of the corresponding
bn of the up-sampled lower resolution picture array, respec-
ly. The precision control parameter S has been chosen to
> ff between precision and ease of computation; S is spec-
Lto be 16 for most uses to enable the use of 16-bit word-
th arithmetic, and to be a somewhat larger number opti-
2d for 32-bit arithmetic for enhanced-capability decoders
upport very large picture sizes. The basic design of these
ulas was proposed in [36], and some later refinements were
equently applied. The formulas are designed for computa-
il simplicity as follows.

The aboye formulas are specified for implementation using
two’s complement integer operations, most of which re-
Quire at most 16 bits of dynamic range (for example, noting
that BaseWidih is always less than ScaledBaseWidth, D,
requires no more than S bits),

Multiplication and division scale factors that are powers
Of two are specified to be performed using left and right
binary arithmetic shifts.

Rounding of a ratio is accomplished by adding half of the
Value of the denominator prior to right shifting.
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* The D, and D, computations only need to be performed
once, with the results reused repeatedly for computations
of B, and B, for the entire image (or sequence of video
images).

* When moving from position to position from right to left or
tep to bottom in computing /7, and 53, fora series of vaiues
of E, and E\, a multiplication operation can be converted
to an addition so that computation of each B, and B, can
be performed incrementally, requiring only one addition
and one right shift operation to obtain the result of each
formula.

This design supports essentially arbitrary resizing ratios (ex-
cept in constrained applications using the Scalable Baseline pro-
file), and the position calculation equations have low complexity
regardless of the ratio, in contrast to some prior standardized de-
signs iii which only reiatively simpie rational ratios were prac-
tical due to the way the position calculations were specified.

B. Coarse-to-Fine Projection of Macroblock Modes, Motion
Fartitioning, Reference Picture Indices, and Motion Vectors

In the enhancement layer syntax for areas of the enhance-
ment layer that correspond to areas within the lower resolution
picture, a flag, called the base mode flag, can be sent for each
nonskipped macroblock? to determine whether the macroblock
mode, motion segmentation, reference picture indices, and mo-
tion vectors are to be inferred from the data at corresponding
positions in the lower resolution layer. The basic concepts of
this inference process were proposed for use with dyadic spatial
scalability in [37] and were extended to arbitrary spatial scala-
bility relationships in [38]-{40]. In some sense the projection
consists of first projecting the sample grid of the finer level to
the coarser level of the pyramid and then using this projection
to propagate data from the coarser level to the finer level.

When the base mode flag is equal to 0, the macroblock pre-
diction mode is sent within the enhancement layer macroblock-
level syntax. Then, within each motion partition,? a flag can be
sent for each reference picture list, called the motion predic-
tion flag, to determine whether reference picture indexes will
be sent in the enhancement layer or not and whether the mo-
tion vectors are to be predicted within the enhancement layer or
using inter-layer prediction from the lower resolution layer mo-
tion data.

When the base mode flag is equal to 1, since the finest gran-
ularity of H.264/AVC coding decisions is at the 4 x 4 level,
the inference process is performed based on 4 x 4 luma block
structures. For each 4 x 4 luma block, the process begins by
identifying a corresponding block in the lower resolution layer,
Numbering the samples of the luma block from 0 to 3 both
horizontally and vertically, the luma sample at position (1,1) is
used 1o determine the block’s associated data. A corresponding
sample in the lower resolution layer for this sample is iden-
tified in a similar manner as described in Section III-A, but

2‘Tbmw!hemdmmpeuedlymdmebmmodcﬂegincmswhcnan
encoder will not vary its value in applicable macroblocks, u default value for
the flag can alternatively be sent at the slice header level.

*To save the need to repeatedly send the motion prediction flag in cases when

an encoder will not vary its value in applicable macroblocks, a default value for
the g can alternatively be sent at the slice header level.
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with nearest sample precision instead of 1/16th sample preci-
sion. The prediction type (intra-picture, inter-picture predictive,
or inter-picture bipredictive), reference picture indices, and mo-
tion vectors associated with the prediction block containing the
corresponding lower resolution layer position are then assigned
to the 4 x 4 enhancement layer block. Motion vectors are scaled
by the resampling ratio and offset by any relative picture grid
spatial offset so that they become relevant to the enhancement
layer picture coordinates. Then a merging process takes place
to determine the final mode and motion segmentation in the en-
hancement layer macroblock.

If all 4 x 4 luma blocks of the enhancement macroblock cor-
respond to intra-picture coded lower resolution layer blocks, the
inferred macroblock type is considered to be “I.BL.” a mac-
roblock type that is described in the following section; other-
wise. motion segmentation. reference picture indices. and mo-
tion vectors then need to be inferred. (It should be noted that
because the prediction mode is determined from only one po-
sition in each 4 x 4 block, it is possible that a few samples in
enhancement layer |_.BL macroblock may have corresponding
locations in the lower resolution layer picture that lie in inter-
picture predicted regions of the lower resolution layer.)

In H.264/AVC, reference picture indexes have an § x 8 luma
granularity. To achieve this granularity, for each 8 x 8 luma
region of the enhancement layer, the reference picture index is
set to the minimum of the reference picture indexes inferred
from the corresponding constituent 4 x 4 blocks when per-
forming inter-layer motion prediction [38)-[40]. When some
lower resolution layer blocks are in a B-slice, the minimum is
computed separately for each of the two reference picture lists
and biprediction is inferred if both lists were used in the set
of 4 x 4 blocks. For 4 x 4 regions that did not use a selected
reference picture index (or indices, in the case of biprediction),
the motion vector is set to that of a neighboring block that did
(so that some motion vector value is assigned that is relevant to
the selected reference picture index).

Then the values of motion vectors are inspected to determine
the final motion partitioning of the enhancement layer mac-
roblock (4 x 4,4 x 8 8 x 8, 8 x 16, 16 x 18, or 16 x 16). Par-
titions with identical reference picture indexes and similar or
identical motion vectors are merged to make the final predicted
motion more coherent and reduce the complexity of the associ-
ated inter-picture prediction processing [41].

The result is predicted mode and motion data that fits with
the same basic structure of ordinary single-layer H.264/AVC

prediction.

C. I_.BL Macroblock Type and Inter-Layer Texture Prediction

The “I.BL"” macroblock type provides an additional predic-
tion source for the scalable enhancement layer. When the use of
I_BL is inferred as described above, the decoder performs the
following steps. First, it decodes the identified 4 x 4 co-located
blocks in the lower resolution layer and applies a deblocking
filter. Next, it up-samples the decoded samples of the lower res-
olution layer to form a prediction. Then, when indicated by the
encoder, it receives residual difference information in the en-
hancement bit stream and adds this residual difference data to
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the prediction. Finally, a deblocking filter is applied to the re.
sulting picture.

It is important to understand that [_.BL macroblocks canny
occur at arbitrary locations in the enhancement layer. Insteu,
the I_.BL macroblock type is only available when the lower res.
olution layer is decodable without motion compensation.* This
is due to the single-loop design of the SVC extension. For the
case of dvadic scalability, where the lower resolution and highey
resolution sequences differ by a factor of two in both dime .
sions, this is equivalent to requiring the 8 x 8 submacroblo.k
region in the lower resolution picture that corresponds 1o the
16 x 16 macroblock region of the enhancement-layer to be ip
an intra-picture coded macroblock of the lower resolution laycr,
For nondyadic scalability though, it is possible for regions thy
correspond to the samples in the enhancement-layer macroblock
to span multiple macroblocks in the lower resolution layer. ai.d,
as previously mentioned. to even contain a few samples 1t
were coded using inter-picture prediction. In such a case, the
I.BL. macroblock type is allowed and the up-sampling of the
decoded sample values of the lower resolution layer uses extrap-
olating repetition of the samples within the intra-picture coded
region.

To allow the use of the I_.BL. macroblock type without e-
quiring the decoding of inter-picture predicted regions of :he
lower resolution layer, the lower resolution layer must be codled
using is the H.264/AVC feature known as constrained intra-
picture prediction, which makes the decoding process of the
intra-picture coded regions independent of the content of neigh-
boring inter-picture coded regions. (However, the decoding of
some neighboring intra-picture coded regions of the lower i :s-
olution reference layer may be necessary in order to decode (he
blocks on which the enhancement-layer macroblock depends,
as the corresponding lower resolution region may use intra-pic-
ture prediction from such neighboring regions. The number of
neighboring intra-picture coded regions that are needed 1o re-
construct the enhancement-layer macroblock is restricted us a
profile constraint.)

After the reference blocks in the lower resolution layer are
identified, their sample intensities are reconstructed (including
the application of a deblocking operation) and up-sampled 10
the higher resolution grid. In the SVC design, the up-sampling
operation for the luma component consists of applying a sep-
arable four-tap poly-phase interpolation filter. The numerator
tap values for the filter are provided in Table I, and a rounding
right shift of five positions is performed to normalize the re-ult.
The magnitude response of the poly-phase filter is presented i
Fig. 2. A significant amount of study was conducted to design
the filter for good performance with minimal complexity 142
and to determine whether supporting additional alternative fil
ters would be beneficial. However, no clear need for other uch
filters was identified [43]. The chroma component of the siznal
is also up-sampled but with a different (simpler) interpolating
kernel. This filter is shown in Table II (normalized in the sume

*1t is also possible to restrict the location of I_BL macroblocks to be ot
strained by the slice boundaries of the reference layer. This restriction is ndi*
cated by syntax signaled by the encoder at the sequence level. This can enablé
better support of parallel processing for encoding and decoding and can a1.0 b
useful for a distributed encoding functionality known as continuous-pre<<ne€
multipoint.
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3. Frequency response of the poly-phase filter for chroma upsampling.
Hfilter is used for up-sampling reconstructed chroma values from a reference
F 10 an enhancement layer for an I.BL macroblock.

nner as for Table I) and corresponds to bilinear interpola-
. A frequency response plot is provided in Fig. 3. The use
different interpolation filters for luma and chroma is moti-
ed by complexity considerations. In prior standardized de-
18, the up-sampling filtering quality was only bilinear for
h luma and chroma, resulting in significantly lower luma pre-
ion quality.
Vhen applying the up-sampling operator, the decoder must
cl the appropriate phase from the poly-phase filter [44]. This
lires a standardized procedure to ensure that the encoder de-
ons will properly affect the decoded picture results, and the
thod consists of applying the fixed point position calculation
inique described in Section IT1-A above and then using the
it-significant four bits (the fractional part of the result) to de-
nine the phase selection index (left column of Tables I and
vhile using the most-significant bits to determine which sam-
o filter (using the tap values in the row selected by the phase
eX).
One important issue to understand is that the up-sampling op-
on performed in the decoding process can have implications
the design of the down-sampler that is used for the generation
ie source image pyramid by the encoder [44]. In particular,
phase characteristics of the encoder down-sampling filter op-
tions should be designed to match the subsequent results of
decoding process. The phase of the low-pass filtering op-
ion results in the creation of effective spatial locations for
-sampled image samples, and then the phase of the
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TABLE |
INTERPOLATION FILTER FOR LUMA UP-SAMPLING
| interpolation filter cocflicicnts
index el-1] | e[0] e[l] | ¢2]
0 0 32 0 0
I -1 32 2 -1
2 -2 31 4 -1
3 -3 30 6 -1
4 -3 28 8 -1
5 - 26 11 -1
f -1 24 14 -2
7 -3 22 16 -3
8 -3 19 19 -3
9 3 16 22 3
10 -2 14 24 -4
11 -1 11 26 -
12 -1 8 28 -3
13 1 6 30 -3
14 -1 4 31 -2
15 -1 & 32 -1

The | BL mode projects reconstructed sample values in the lower-
resolution layer 1o a higher-resolution grid with a normative up-sampling
process. The up-sampling filter is a separable poly-phase filter with four taps
per phase horizontally and vertically.

TABLE Il
INTERPOLATION FILTER FOR CHROMA UP-SAMPLING
h.m interpolation filler coefficients
dex el-1] ef0] e[l] e[2]
0 0 32 0 0
1 0 30 2 0
2 0 28 4 0
3 0 26 6 0
4 0 24 8 0
5 0 22 10 0
6 0 20 12 0
T 0 18 14 0
B 0 16 16 0
9 0 14 18 0
1o 0 12 20 0
11 0 10 12 0
12 0 8 24 0
13 0 (-] 26 0
14 0 4 28 0
15 0 2 30 0

The 1_BL mode projects reconstructed chroma sample values in the lower-
resolution layer (o n higher-resolution grid with a normative up-sampling
process. This up-sampling filter is bi-linear. This bi-linear filter is also used
for up-sampling luma and chroma residual difference data (as described in
section HLD). The use of different fillers for luma texture, versus chroma
texture and residual difference information was motivated by complexity
considerations

up-sampling filter in the decoding process results in the cre-
ation of an effective spatial location for the up-sampled image
samples. For a well-designed encoder, the picture sample pre-
dictions that result from that cascade of operations will be in
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Fig. 4. Nominal locations of luma and chroma samples for an H264/AVC

frame picture. Luma sampie positions are denvied with the symbol = and

chroma sample positions are denoted with the symbol ». Note that the chroma
sumples are not vertically co-located with luma sample positions. Furthermore,
H.264/AVC (Annex E) additionally supports the ability for encoders to indicate
the use of a variety of altemative (different-than-nominal) alignments of luma
and chroma 4:2:0 sampling grids. Handling the variety of possible relative
alignments requires a flexible design for the texture and residual difference
up-sampling operations in the decoding process.

the same positions as the original samples of the higher res-
olution picture. Using an inappropriate filter in the encoding
process could result in reduced compression capability and vi-
sual artifacts.

The origin of the coordinate systems used in the up-sampling
process for the luma samples is placed a half sample to the left
of the left-most luma sample horizontally and a half sample
above the top-most luma sample vertically. For the dyadic case,
this convention results in having exactly the same area covered
by a macroblock in an enhancement layer as is covered by an
8 x 8 submacroblock in the lower resolution layer [44]. This re-
sults in the up-sampling operation in the decoding process using
alternating 1/4 and 3/4 phase offsets (phase indexes 4 and 12
in Tables 1 and II). For an encoder, this corresponds to using
a half-phase filter [a symmetric finite impulse response (FIR)
filter with an even number of taps] in the down-sampling process
(both horizontally and vertically).

Relative chroma positioning requires further careful atten-
tion. The chroma components of a video picture sequence are
typically represented at a resolution that is lower than that of the
luma component. Practical applications typically down-sample
the chroma planes by a factor of two in the horizontal direc-
tion and often also by a factor of two in the vertical direction.
This process results in the well-known 4:2:2 and 4:2:0 formats,
where 4:2:2 denotes a down-sampling factor of two horizon-
tally, and 4:2:0 denotes a down-sampling factor of two in both
dimensions,

The nominal H.264/AVC sample grid positions for the 4:2:0
chroma format are defined relative to the luma grid as shown
in Fig. 4. Alternative sampling grid alignments can also be
indicated by syntax supported in the standard. The positioning
shown in Fig. 4 corresponds to generating the lower resolution
chroma samples (starting with full-resolution 4:4:4 chroma
sampling) by application of a zero-phase horizontal filter
(a symmetric FIR filter with an odd number of taps) and a
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half-phase vertical filter (a symmetric FIR filter with an eves,
number of taps). Maintaining the relative chroma positioning
shown in Fig. 4 when constructing a lower resolution imag -
of a dyadic image pyramid using a half-phase luma filter (a:
described above) requires using a quarter-phase chroma filter in
the encoder horizontal down-sampling process and a half-phase
chroma filter in the encoder vertical down-sampling process.
Corresponding up-sampling processes alternate between the 1/4
and 3/4 phase positions both horizontally and vertically. Sinc -
alternative sampling grid alignments are also supported in th:
H.264/AVC standard, the SVC design provides syntax to allow
an encoder to slightly shift the phase positioning of the chroma
grid relative to the luma grid during the decoding process 1o
make the design flexible and allow it to be customized to i1
encoding characteristics.

Adijustments in the spatial correspondence formulas f
Subsection I11-A for chroma have also been specified to suppc 1t
the 4:4:4, 4:2:2, and 4:2:0 chroma sampling formats (with
support of a variety of positioning alignments between the luma
and chroma picture grid positions), although the current gener-
ation of defined SVC profiles supports only 4:2:0 sampling.

After up-sampling and (when indicated by the encodcr)
adding a additional inverse-transformed residual differen e
signal, a deblocking filter is applied in the LBL decoding
process that is similar to that of the ordinary H.264/AVC de-
coding process, but with altered boundary strength calculations.
The modification of the filter strength is motivated by the fact
that the lower resolution picture has also been deblocked prior
to up-sampling [45].

To conclude this subsection, let us summarize the I.BL muc-
roblock type. The mode operates by reconstructing lower re:o-
lution layer intensity values and then up-sampling the intensity
information to predict high-resolution samples. The up-sum-
pling operator employs a separable four-tap filter horizontally
and vertically for luma and a separable two-tap filter for chrona.
and it is designed for reduced complexity and proper handling
of the chroma information. After up-sampling (when indica'cd
by encoded syntax), the SVC decoder also receives additional
residual difference information to refine the up-sampled predic-
tion. This refinement process is identical to receiving residual
difference data for other predicted modes. Finally, a deblocking
filter is applied to the decoded result.

D. Inter-Layer Residual Prediction

The previous subsection describes the I_BL macroblock 1, pe.
which uses prediction of higher resolution sample values fiom
lower resolution sample values. This reflects a traditional im1g¢
pyramid approach, However, as mentioned in the previous sub-
section, the single-loop design of the SVC extension restrictt
the I.BL macroblock type to be available only when the cor
responding lower resolution layer area is intra-picture coded.
For enhancement-layer regions that correspond to inter-pictur®
coded regions in the reference layer, an alternative metho | of
using the coded lower resolution signal is provided by the 5 ve
design that does not require the reconstruction of the sample
values of the lower resolution layer picture. This is the inter
layer residual prediction technique. ‘
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Residual prediction is activated by a flag, called the residual
tion flag, that can be sent in the macroblock level syntax$
higher resolution layer for nonskipped macroblocks,
al prediction can also be activated for applicable skipped

bled and the default value of the base mode flag is |
wise, skipped macroblocks of the enhancement layer will

erred macroblock type does not use temporal inter-pic-
iction). When residual prediction is performed, instead
fully decoding the picture samples of the lower resolution
er. the residual difference data of the lower resolution layer is
and up-sampled and added to the motion compensated
of the higher resolution layer (without using the
e prediction signal of the lower resolution layer).
, additional residual difference data can be transmitted
enhancement layer bit stream to refine the result.
position calculations for the up-sampling process are
ed as described in Section I1I-A, and the up-sampling
residual difference signal is performed using a simple
up-sampling filter as shown in Table I1, as there was no
demonstrated for using a more complex filter in this case
for the up-sampling of luma texture signals in the |_BL
roblock type). The bilinear up-sampling is applied only
hin each residual transform block of the base layer—such
-sampled positions that lie between different residual
e transform blocks are generated by extrapolating
n of the values of the residual difference signal samples
g the block edge.

IV. ENCODER ISSUES

he encoding strategy for spatial scalability is not defined by
standard. Nonetheless, it is a critical design problem and
érves discussion. Unintelligent down-sampling and coding
e lower resolution layer signals will affect the end-to-end

ng efficiency of both layers of the video content (and partic-
ly that of the enhancement layer). In this section, we com-
 on relevant encoder issues.

eference software was developed by the JVT in parallel with
SVC extension. This software is publicly available as the
‘Scalable Video Model, or JSVM [46]. The JSVM uses
arse-to-fine coding approach, where the lower resolution
 sequence is first generated from the higher resolution data
then coded without regard to the content of the higher res-
Ion pictures. Subsequent encoding passes predict the higher
lution information from the lower resolution layer when it
8 to improved coding efficiency. Further details of the ISVM
ding algorithms are provided in [47).

fith a coarse-to-fine coding strategy. one significant concern
W to generate the lower resolution image sequence from the
the nieed to repeatedly send the residual prediction flag in cases when

woder will always apply residual prediction to applicable macroblocks,
Mkummdmmvdybemﬁedhydeﬁnltmngsynmmcn
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Fig. 5. quuencympowofmﬁu-mnﬁuwadmﬁmcﬁonﬂphascmﬂm
p = 0.5 with N = 3 and various D parameters to enable various cut-off
frequencies [12], [48].

high-resolution input. In the development of the SVC design,
primarily a fixed down-sampling operator was used. The down-

sampler was designed as a windowed sinc function [48], with
the following impulse response tap values:

h(i) = f((i +p)/D) (3)
where D is a bandwidth control parameter and p is a phase con-
trol parameter such that 0 < p < 1 and

mn(rz)
He)= W(z/N) - xa) lz| < N
0, otherwise

where N — 1 is the number of side-lobes of the sinc function
that are included on each side and the window function is the
cosine window [48], given by

W(t) = cos(mt/2).

4)

(5)

As shown in Fig. 5, the D parameter can be used to control the
cut-off frequency of the low-pass filter and thereby enable filter
design for various downsampling ratios [48]. For the dyadic
case, the filter was designed with half-sample phase, i.e., p =
0.5 (both horizontally and vertically, and applied to both luma
and chroma).

Alternative down-samplers are anticipated in practice. For ex-
ample, some encoder designers may prefer a specific down-sam-
pler for its visual properties. A more sophisticated design might
also take more care in achieving a particular relative positioning
of luma and chroma as discussed in Section I11-C. Optionally,
some implementations may design an alternative down-sampler
to better suit a particular architecture. No matter the motivation,
the SVC design uses a particular prediction mechanism to pre-
dict high-resolution samples and residual difference from cor-
responding decoded reference layer data. In view of the design
history, we suggest that using down-sampling filters that have a
frequency response similar to those defined in [44] may provide
reasonable coding efficiency.

More sophisticated down-sampling methods are also ex-
pected in the future. For example, the down-sampler may
be content dependent. Alternatively, it may be designed to
maximize coding efficiency for particular applications. One
example of this type of filter is considered in [49], where the
down-sampler design is posed as an optimization problem. The
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goal of the down-sampler is then to maximize the end-to-end
coding efficiency while maintaining adequate lower resolution
picture quality.

As a second direction for filtering improvement, it is also
anticipated that a means for motion compensated temporal fil-
tering [50]. [51] can differentiate SVC devices. This is due to
the single-loop decoding methodology, where the motion vec-
tors, prediction modes, and residual difference data are pro-
jected to higher resolutions. By independently down-sampling
each picture in the image sequence, temporal relationships be-
tween pictures are ignored. Incorporating temporal information
into the down-sampling operation could increase the correlation
between motion vectors in the lower and higher resolution grids
and reduce the residual difference that remains to be coded after
inter-layer prediction.

Sa far in this section, we have considered coarse-to-fine
encoding techniques, where the lower resolution sequence
is coded without regard to the content of the higher resolu-
tion data. This method is the most straightforward approach;
however, alternatives are possible, and are highly advisable to
consider. For example, a fine-to-coarse-to-fine strategy first
encodes the high-resolution data, then encodes the lower resolu-
tion data with knowledge of the high-resolution bit stream, and
then re-encodes the high-resolution sequence. The advantage
of this approach is that the lower resolution can be coded with
knowledge of the target, higher resolution data. This allows, for
example, the motion vectors and transform coefficients of the
lower resolution layer to be biased to provide better predictions
for the high-resolution sequence.

Additional permutations to the encoder strategy are also
conceivable, and the upper bound on performance would be
achieved with a joint optimization of the encoding decisions
across all resolutions. Preliminary results for such techniques
were reported in [52] and [53]. where Lagrange optimization
techniques were applied to jointly optimize encoder decisions
for multiple scalability layers. Conceptually, such an approach
allows for a tradeoff between lower and higher resolution layer
quality. In [53] it was reported that it was feasible to keep the
quality of both layers within 10% of the coding efficiency of
single-layer coding with such techniques.

V. PERFORMANCE

The performance of the SVC extension requires careful anal-
ysis, In this section, we report the results of some coding ef-
ficiency experiments using the JSVM software that is main-
tained by the JVT [46], [47].6 This software provides both an
example implementation of an SVC encoder as well as an ex-
ample implementation of a down-sampling operation for gener-
ating lower resolution image sequences. It is important for the
reader to understand that the combination of example imple-
mentations is designed to maximize the quality and fidelity of
the lower resolution sequences. Thus, the results in this section
provide an indication of system performance when the lower
resolution sequence is of primary importance and thus cannot
be degraded relative to a single-layer encoding. However, the

SSpecifically, we consider the JSVM_9_1 software version.
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authors anticipate that many practical scenarios allow for bai-
ancing the quality of the lower resolution sequence with other
performance parameters (such as end-to-end coding efficienc,
or encoder complexity). For such scenarios, the reported resul
provide only a lower bound on achievable performance.

In the rest of this section, we focus on a small number of ap.-
plication scenarios. All are derived from test conditions utilized
by the JVT group during the development of the SVC exten-
sion [54]. Specifically. these test conditions consider: 1) a vidco
streaming example with two resolutions and dyadic scalabilit .
and 2) a surveillance, broadcast or storage example with three
resolutions and dyadic scalability. Additionally. an extended
spatial scalability example with two resolutions and nondyadic
scalability was also considered by the JVT [55].

Experiments make use of image sequences that are common
in the video coding community. Specifically. sequences consist
of the Bus, Foreman, Football, Mobile, Crew, City. Harbor, a:d
Soccertest data. The spatial resolution of the first four sequences
is 352 % 288 luma samples per picture (common intermediate
format, or CIF), while the remaining sequences have a spatial
resolution of 704 x 576 luma samples per picture (4CIF). All
image frames used 4:2:0 color sampling. Also, please note tha
the 704 x 576 (4CIF) data is derived from cropped 1280 x 720p
material. It is therefore actually more representative of so callad
“high-definition™ video content.

A. Video Streaming

As a first scenario, the JVT defined test conditions con-
sistent with a video streaming application. These tests made
use of the Bus, Foreman, Football and Mobile sequences
and represented the sequences in a two-layer bit stream. The
base layer of the bit stream contained image data with @ luina
resolution of 176 x 144 luma samples per frame (QCIF) :nd
a temporal rate of 15 fps. The enhancement layer of the hit
stream contained image data with a luma resolution of CIF and
a temporal rate of 30 fps. The down-sampling filter used 1
generate the base layer sequence from the enhancement layer
sequence was the separable linear filter kernel with tap values
{—8,0,24,48,48.24.0, -8} (normalized by a 128 divisor
with rounding).

Rate points for the test sequences were also defined :nd
appear in Table III. The bit rates in the table were selecied
to correspond to applications of practical interest. To achicve
the target bit rate, no rate control algorithm was used. Instead.
the quantization parameter was varied to adjust the output bit
rate. This required multiple encoding passes. Finally, while the
specific configuration files are available [54], we mention (hat
the image sequences were encoded with a hierarchical B-frame
structure [56], [57] and with only one intra-picture coded fram¢
(located at the beginning of the sequence). The interval between
P-frames was 16 frames for Football and 32 frames for Bus.
Mobile and Foreman. (The difference was due to the relatively
high motion of the Football sequence.)

Representative results appear in Fig. 6, where rate-distort 10"
plots for the Bus and Football sequences are illustrated. s
tortion values are reported for the enhancement layer, while
rate parameters represent the aggregate rate of the scalable bi
stream. For comparison, Fig. 6 also contains the rate-distortiof
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TABLE 111
TEST CONDITIONS FOR DYADIC SCALARILITY
uence |  Format Bit rates (kbit/sec)

QCIF 15Hz 96 128 192

Bus CIF 30Hz 384 512 768
QCIF 15Hz 192 256 384
Football CIF 30Hz 768 1024 1536

QCIF 15Hz 48 64 96

Foreman CIF 30Hz 192 256 384
QCIF 15Hz 64 96 128

Mabile CIF 30Hz 256 384 512
QCIF 15Hz 64 96 128

CIF 30Hz 256 384 512
City 4CIF 60Hz 1024 1536 2048
QCIF 15Hz 96 128 192

Crew,

Harbour, CIF 30Hz 384 512 768
Soccer 4CIF 60Hz 1536 2048 3072

ance for a single layer H.264/AVC encoding as well
ulcast scenario. The single-layer and simulcast results
re generated using the same software implementation and en-
ing algorithms, though reconfigured to encode a single layer
ntation. ,

evaluation of Fig. 6 provides insight into the system
mance. Moreover, delta peak signal-to-noise ratio
) and bit rate measurements for all sequences are pro-
ed in Table IV. As can be seen from both the figure and
the JSVM encoder outperforms the simulcast solution
an average of 9.6% in terms of bit rate. Compared to single
er coding, the JSVM encoder performs within 18% of the
layer codec. Of course. the SVC solution provides a
resolution layer that can be easily extracted and decoded
y decoders. As noted above, the 18% penalty relative
le-layer coding may be partially attributed to the sub-
“greedy” nature of the downsampling and encoding
aithms used in the test, which algorithmically optimizes
y the lower resolution coding efficiency and thus represents
i_i lower bound on what is achievable.

Surveillance, Broadcasting or Storage (Dyadic)

ks a second scenario, the JVT defined test conditions con-
ent with a surveillance. broadcasting or storage application.
e tests make use of the Crew, City, Harbour and Soccer test
lences in a three-layer configuration. The first two layers of
't stream correspond to the two layers of the previous test.
Cifically, the layers are QCIF and CIF resolutions, respec-
ly, with frame rates corresponding to 15 and 30 fps. The
d layer in the bit stream contains a 4CIF representation of
image sequence operating at 60 {ps. Generation of the image
dences begins with the original 4CIF data. The CIF resolu-
is then constructed using the linear filter identified in the
¥ious subsection. The QCIF resolution is subsequently cre-
| from the CIF data.

Bit rates as defined by the JVT when developing the SVC extensions [54).
Rates are for dyadic tests and include the scenarios identified as "video
streaming” and "'broadcast” in this paper.

Rate points for the test sequences are also defined and pre-
viously provided in Table III. As before, no rate control algo-
rithm is utilized to achieve the bit rate. Instead, the quantization
parameter is varied to adjust the output bit rate. The image se-
quences are encoded with a hierarchical B-frame structure and
with an intra frame inserted every 64 frames. (This corresponds
roughly to a one second interval; it is also one of the notable
differences between the video streaming and broadcasting sce-
narios.) The interval between P-frames is 16 frames for Crew,
32 frames for Soccer and 64 frames for City and Harbour, These
intervals are derived heuristically.

Results appear in Fig. 7, where rate-distortion plots for the
Crew and Harbour sequences are provided. Additionally, delta
PSNR and bit rate measurements for all sequences are provided
in Table V. As can bee seen from both the figure and table, the
JSVM encoder outperforms the simulcast solution by an av-
erage of 10.5% in terms of bit rate. Compared to single layer
coding, the ISVM encoder performs within 10.3% of the single
layer codec on average. As before, the SVC solution provides a
lower resolution layer that can be easily extracted and decoded
by legacy hardware.

C. Broadcasting (Nondyadic)

The third scenario considered by the JVT is an application
that uses a nondyadic relationship between layers. The primary
difference between these nondyadic tests and previous dyadic
experiments is the resolution relationships between base and en-
hancement layers. Specifically, the up-sampling ratios 4/3, 3/2.
and 5/3 are considered. To be clear, these ratios denote the rela-
tionship between the horizontal (and vertical) dimension in the
enhancement layer and the horizontal (and vertical) dimension
in the base layer. For example, a scaling factor of 3/2 denotes
that the base layer has a horizontal (and vertical) dimension
equal to 2/3 of the corresponding enhancement layer dimension.
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Fig. 6. Results for the (a) Bus and (b) Football sequences using the dyadic IVT
-umwmuﬂn;ammmmsvam
md-uh';k_uyetaduﬁommallmmdwiﬂ:dulsm software main-
tained by the JVT,

Comparing the SVC extension to simulcast and single layer scenarios
illustrates the performance of the SVC extension when base layer quality is.
W.mhmwmmvm-ww
bit rate reduction of 9.6% compared 10 simulcast.

The purpose of this ﬂﬂtﬂ_wslisas-muchtomqsm-cm

as to mimic specific application requirements. Nonetheless, in

the spirit of comprehensive reporting, we provide results for SVCencodings are matched and so the comparison is perfo
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Fig. 7. Results for the () Crew and (b) Harbour sequences in the dyadic VT
{est conditions that emulate a broadcasting scenario. The SVC, simulcas: and
single layer solutions were all generated with the JSVM software maint:ined
by the JVT.

TABLE V
COMPARISON OF JSVM TO SIMULCAST AND SINGLE LAYER SCENARIUS

Comparing the SVC extension to simulcast and single fayer scenarit
illustrates the performance of the SVC extension when hase layer quality &
uncompromised. Performance is sequence dependent but provides an average
bit rate reduction of 10.5% compared to simuleast. Moreover, the scalable bit:
stream requites an average of 10.3% increase n bit rate compared 1o a sugle
layer solution, while providing three decodable spatial resolutions,

these test conditions here. (For more additional results consid-
ering nondyadic scalability, please refer to [55], [58].) Expei
ments make use of the City, Crew, Harbour and Soccer imagt
sequences. Again, no rate control algorithm is used to achiev®
the target bit rate. Instead, the quantization parameter is varied
to adjust the output bit rate. Image sequences are encoded with
a hierarchical B-frame structure and with an intra frame preseft
every 32 frames. The interval between P-frames is 16 frames fof
all

sequences.
Results for the nondyadic test are provided in Table V1 ur
like previous results though, the bit rates of the single layer
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TABLE VI
COMPARISON TO A NONDYADIC SCALABLE SYSTEM TO A SINGLE-LAYER APPROACH
bitrate (Kbps) PSNR (Y)
Sequence | Seaing | Layer Resolution | Single P 42 Single Delta
Layer Layer (dB)
n a b 3105
| 4CIF 10342 1028.1 0.60% 33.02 3554 253
oty 1 0 448x384 715.1 .
_ ! 672x576 991.7 1007.1 -1.53% 33.68 35.54 1.87
o 0 384x336 609.1
| 640x560 974.5 9723 023% 3399 35.60 1.61
an 0 528x432 1192.0
1 4CIF 1494 3 1488.4 0.39% 3529 36.52 1.22
. R 0 448x384 10412
1 672x576 1459,1 1478.0 -1.28% 35.80 36.46 0.66
i 0 384x336 208 8
1 640x360 1443.7 14177 1.84% 357 36.43 0.71
0 0 528x432 1180 .4
| ACIF 14932 1456.2 2.54% 30.76 32.56 1.81
B st n 0 448x384 10455
1 672x576 1463.8 1484.3 1.38% 31.49 32.75 1.26
i 0 384x336 £91.7
| 640x560 1428 8 14428 -0.97% 31.58 3293 1.35
P 0 528x432 1174.3
1 ACIF 1504.4 15111 -0.45% 34.64 36.62 1.98
Bscor - 0 448x384 1051.5
1 672x576 1467.3 1462.7 0.32% 35.38 36.62 1.24
o 0 384x336 8935
1 640x560 1418.5 14269 -0.59% 3542 36.76 1.33
_ Average -0.02% 146

 Using a multiple pass encoder, resulls are generated that satisfy the bit rate targets in [55]. Compared to the single layer system, the scalable approach
ecreases the PSNR of the output image by 1.46 dB on average while enabling additional, scalable functionality. Such non-dyadic uses also enable a
-resolution (and thus higher perceptual quality) for the base layer than u dyadic case would. Furthermore, such cases may benefit from joint multi-

ayer encoder optimization techniques more than the dyadic case (although such optimization techniques were not used in this test).

zrms of PSNR instead of the delta bit rate. With this data, we
rve that the scalable scenario performs within 1.5 dB of
ingle layer bit stream on average while simultaneously sup-
ing both a lower resolution and higher resolution display.
loss relative 1o a single-layer bitstream is relatively large in
® cases in this test. However, we note the following aspects
2se results,
From a functionality perspective, these nondyadic ratios
enable a higher resolution (and thus higher quality) base
layer for a given enhancement layer resolution than a
dyadic scalability scenario could deliver.
Smaller up-sampling ratios more benefit more from joint
inter-layer encoding optimization techniques due to the
closer resolution correspondence between the layers. Such
echniques were not applied here, and the result provides
‘only a lower bound on what is achievable,

VI. CoNCLUSION

he goal of this paper has been to introduce the spatial
bility part of the new standardized SVC design. This ex-
on introduces scalability capability to the state-of-the-art

H.264/AVC video coding standard. At the high level, the de-
sign is conceptually an image pyramid that uses a single-loop
design methodology. This has the rather significant advantage
of reducing decoder complexity, as an SVC decoder needs to
perform only one motion compensation loop regardless of the
enhancement layer being decoded. Even with the standard-
ization of the SVC extension, there is significant opportunity
for future work in the area of encoder design and resampling
operators. This includes multilayer rate control and motion
estimation algorithms, as well as improvements in down-sam-
pling and post-processing. Advances in these aspects of an
end-to-end SVC system will further improve applications, and
it is expected to further improve coding efficiency.

ACKNOWLEDGMENT

The authors wish to acknowledge all of the companies and
individuals that contributed to the spatial SVC extension of the
H.264/AVC standard. Any meritorious material in this paper is
more theirs than ours. They also wish to thank J. Zhao for her
help in assembling the experimental results.

84



1134

REFERENCES

[1] T. Wiegand, G. J. Sullivan, J. Reichel, H. Schwarz, and M. Wien,
Eds.. “Amendment 3 to ITU-T Rec. H264 (2005) | ISOMEC
14496-10:2005," Scalabie Video Coding, Jul, 2007.

2] H. Schwarz, D. Marpe, and T. Wiegand, “Overview of the scalable
video coding extension of the H.264/AVC standard” TEEE Trans.
Circsiits Syar. Videe Technol, vol 17, no. O, pn 110321120, Sep.
2007,

(3] Advanced Video Coding for Generic Audiovisual Services, TTU-T
Rec. H.264 | ISO/EC 14496-10, Version 2: May 2004, Version 3.
Mar, 2005, Version 4: Sept. 2005, Version 5: June 2006, Version 7:
Apr. 2007, Version 8 (with SVC extension) “Consented” July 2007,
May 2003,

[4] T. Wiegand, G. J. Sullivan, G, Bjentegaard, and A. Luthra, “"Overview
of the H.264/AVC video coding standard.” JEEE Trans. Circuits Syst.
Video Technol., vol. 13, no. 7, pp. 560-576, Jul. 2003,

(51 G. L. Sullivan and T, Wiegand, “Video compression-from concepts to
the H.264/AVC standard,” Proc. IEEE, vol. 93, no, 1, pp. 18-31, Jan.
2005.

(6] D. Marpe. T. Wiegand. and G. J, Sullivan, “The H.264/MPEG4 ad-
vanced video coding standard and its applications,” IEEE Commun.
Mag., vol. 44, no. 8, pp. 134144, Aug. 2006.

(7] Information Technology-Generic Coding of Moving Pictures and Asso-
ciated Audio Information: Part 2: Video (MPEG-2 Video), TTU-T Rec.
H.262 | ISO/MEC 13818-2, 1994,

[8] B. Haskell. A. Puri, and A. N. Netravali, Digital video: An introduction
10 MPEG-2.  New York: Chapman & Hall, 1997.

{9] Video Coding for Low Bit Rate Communication, 1TU-T Ree. H.263,
Feb. 1998

[10] ISO/IEC 14496-2 Information Technology-Coding of Audio-Visual Ob-
jeets: Part 2—Visual (MPEG-4 Visual) ver. 1, 2000,

[11] E. Francois, J. Viéron, and V. Botireau, “Interlaced coding in
SVC." IEEE Trans. Circuits Syst. Video Technol., vol. 17, no. 9, pp.
11361148, Sep. 2007.

[12] E. Francois, J. Viéron, S. Sun, and G. J. Sallivan, “Extended spatial
scalability: A generalization of spatial scalability for SVC extension of
AVC/H.264.” presented at the Picture Coding Symp., Beijing, China,
Apr. 2006.

[13] P. Burt and E. Adelson, “The Laplacian pyramid as a compact
image code,” IEEE Trans. Commun., vol. 31, no. 4, pp. 532-540,
Apr. 1983,

[14] J. M. Ogden, E. Adelson, J. Bergen, and P. Burt, "Pyramid-based com-
puter graphics.” RCA Engineer. vol. 30, pp. 4-15, 1985,

[15] P.Burt, “Smart sensing within a pyramid vision maching.” Proc. JEEE,
vol. 76, no. 8, pp. 1006-1015, Aug. 1988.

[16] A. Toet, “Hierarchical image fusion” Mach. Vis. Appl., vol. 3, no. 1,
pp. 1=-11, Dec. 1990,

[17] M. Unser, “An improved least squares Laplacian pyramid for image

ion.” Signal Process.: Image Commun., vol. 27, no. 2, pp.
187-203, May 1992.

[18] D. Heeger and J. Bergen, "Pyramid-based texture analysis/synthesis.”
in Proc. SIGGRAPH, 1995, pp. 229-238.

[19] J. Goutsias and H. J. A. M. Heijmans, “Nonlinear multiresolution
signal decomposition schemes I al pyramids,” IEEE
Trans. Image Process., vol. 9, no. 11, pp. 1862-1876, Nov. 2000.

[20] C. Christopoulos, A. Skodras, and T, Ebrahimi, “The JPEG2000 still
image coding standard.” IEEE Trans. Consum. Electron., vol. 46, no.
4, pp. 11031127, Nov. 2000,

[21] D. Taubman and M. Marcellin, JPEG 2000: Image Compression Fun-
damentals, Standards and Praciice.  Norwell, MA: Kluwer, 2001,

[22] Information Technology—JPEG 2000 Image Coding System: Core
Coding System, ITU-T Rec, T.800 | ISO/EC 15444-1, 2004.

[23] S.-T. Hsiang, Preliminary Results for Intra-frame Dyadic Spatial Scal-
able Coding Based on a Subband/Wevelet Filier Banks Framework,
Joint Video Team Doc. JVT-U133, Oct, 20-27, 2006.

[24] S-T. Hsiang, CEl: SVC Intra-frame AVC/H.264 Sub-Band Coding
(SBC), Joint Video Team Doc. JVT-X059, Jun.~July 2007.

[25] W.-H. Peng, C-Y. Tsai, T. Chiang, and H.-M. Hang. “Advances
of MPEG scalable video coding standards” in Knowledge-Based
Intelligent Information and Engineering Systems.  Berlin, Germany:
Springer, 1995, vol. 3684, pp. 889895,

{26] R. Xiong. F. Wu.J. Xu, 8. Li, and Y.-Q. Zhang, “Barbell lifting wavelet
transform for highly scalable video coding,” presented at the Picture
Coding Symp., San Francisco, CA, Dec. 2004,

[27] R. Xiong et al., “Barbell-lifting-based 3-D wavelet coding scheme.”
IEEE Trans. Circuits Syst. Video Technol, vol. 17, no. 9, pp.
1256-1269, Sep. 2007.

85

IEEE TRANSACTIONS ON CTRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY. VOL. 17, NO. 9, SEPTEMBER 2(:7

(28] N. Adami er al.. “Overview of scalable video coding using wavel .
based approaches,” IEEE Trans. Circuits Syst. Video Technol., vol. 17,
no. 9, Sep. 2007,

[29] H. Schwarz, T. Hinz, H. Kirchoffer, D. Marpe. and T. Wiegand, Te. .
nical description of the HHI proposal for SVC CELL ISONECJTC 1/5¢C
29/WG 11 (MPEG), Doc. M11244, Oct. 2004,

[30] H. Schwarz, T. Hinz, D. Marpe, and T. Wiegand, Further Progress .,
Scalable Extension of H.264.YTU-T SG 16/Q 6 (VCEG), Doc. VCE(;.
XO08, Oct. 2004

[31] H. Schwarz, D. Marpe, and T. Wiegand, Further Results on Con.
strained Inter-Laver Prediction Joint Video Team Doc. JVT-O074,
Apr. 16-22, 2005.

[32] H. Schwarz, T. Hinz, D. Marpe, and T. Wiegand, “Constrained int. -
layer prediction for single-loop decoding in spatial scalability.” in Pro..
IEEE ICIP. Genova, Italy, Sep. 2005, pp. 870-873.

[33] M. Horowitz, A. Joch, and F. Kossentini, “H.264/AVC baseline pro.
file decoder complexity analysis”" IEEE Trans. Circuits Syst. Video
Technol., vol. 13, no. 7, pp. 704-716, Jul. 2003.

[34] H. Schwarz, D, Marpe, and T. Wiegand, Independeni Parsing of Spo.
tial and CGS Layers, Joint Video Team, Doc. IVT-5069, Mar.—Apr
2006.

[35] H. Schwarz and T. Wiegand, Updated Resuits for independent Farsing
of Sparial and CGS Layers, Joint Video Team, Doc. JVT-T079, Jul
15-21, 2006.

[36] G. 1. Sullivan, Position Calculation for SVC Upsampling, Joint Video
Team, Doc. JVT-R067, Jan. 2006.

[37] H. Schwarz, D. Marpe, and T. Wiegand, SVC core Experiment ” |.
Inter-laver Prediction of Motion and Residual Data, ISO/IEC JIC
1/SC 29/WG 11 (MPEG), Doc. M11043, Jul. 2004.

|38] E. Francois, J. Viéron, G. Marquant, N. Burdin, and P. Lopez. Generic
Extended Spatial Scalability, Joint Video Team, Doc. INT-0041, A pr.

2005.

[39] J. Viéron, E. Francois, and N. Burdin, CE10: Unified Motion Ups:m-
pling in Evtended Spatial Scalabiliry. Joint Video Team, Doc. J\ T-
PO19, Jul. 2005,

[40] G. Marquant, E. Francoise, N. Burdin, P. Lopez, and J. Viéron. “f1-
tended spatial scalability for nondyadic video formats: From SDT" ©
HDTV,” presented at the SPIE VCIP, Beijing, China, Jul. 2005.

{41] X. Wang and ). Ridge, Improvement of Macroblock Mode Prediciion
in ESS, Joint Video Team, Doc. IVT-V108, Jan. 2007.

[42] S. Sun, Upsampling Filter Design with Cubic Splines, Joint Video
Team, Doc. IVT-8016, Mar —Apr. 2006.

[43] A. Segall and S. Regunathan, Ad hoc Group Report on Spatial 5. ila-
biliry, Resampling, and Inter-Layer Prediction, Joint Video Team, Do
IVT-WO007, Apr. 2007.

[44] S. Sun, J. Reichel, E. Francois, H. Schwarz, M. Wien, and G. 1 Sul-
livan, Unified Solution for Spatial Scalability, Joint Video Team, Do
JVT-RO18, Jan. 2006.

[45] S. Sun, Deblocking Filter for I_BL Blocks in Spatial Scalable \'deo
Coding-Response 1o CE2 Part 2, Joint Video Team, Doc. JVT-PUI,
Jul. 2005.

[46] J. Viéron, M. Wien, and H. Schwarz, Joint Scalable Video Model
{JSVM) 11 Sofrware, Joint Video Team, Doc. JVT-X203, Jun -Jul
2007

[47] J. Reichel, H. Schwarz, and M. Wien, Joint Scalable Video Mode! Algi-
rithmic Text Description, Joint Video Team, Doc. IVT-X202, Jul -Jul
2007,

[48] S. Sun and J. Reichel, AHG Report: Spatial Scalability Resamp/ing.
Joint Video Team, Doc. JVT-R006, Jan. 2006.

[49] A. Segall and A. Katsaggelos. “Resampling for spatial scalabilit: in
Proc. IEEE ICIP, Aanta, GA, Oct. 2006, pp. 181-184.

[50] H. Schwarz, D. Marpe, and T. Wiegand, Comparison of MCT! and
Closed-Loop Hierarchical B Pictures, Joint Video Team, Doc. IVT-
P059, Jul. 2005.

[51] A. Tabatabai, Z. Visharam, and T. Suzuki, Study of Efic '
Update Step in MCTF, Joint Video Team, Doc. JVT-Q026. Oct

2005.
[52] H. Schwarz and T. Wiegand, Preliminary Results for a Rate-D):sio"
tion Multi-Loop SVC Encoder, Joint Video Team, Doc. IVT-T080. Jub

2006.

(53] H. Schwarz and T. Wiegand, Further Results For an R-D Opr ¢4
Multi-Loop SVC Encoder, Joint Video Team, Doc. IVT-WO71. Ap®
2007.

[54] M. Wien and H. Schwarz, Testing Conditions for SVC Codins Eff
ciency and JSVM Performance Evaluation, Joint Video Team. Do
JVT-Q205, Oct. 2005. ,

[55] E. Francois and J. Viéron, Additional Results on ESS Evaluation. Joink
Video Team, Doc. JVT-Q013, Oct. 2005.




] H. Schwarz, D. Marpe, and T. Wiegand, Hierarchical B Pictures, Joint
Video Team, Doc. IVT-PO14, Jul. 2005.
H. Schwarz, D. Marpe, and T. Wiegand, “Analysis of hierarchical B
pictures and MCTE” in Proc. IEEE Conf. Multimedia Expo, Toronto,
~ ON, Canada, Jul. 2006, pp. 1929-1932.

| E. Francois and J. Viéron, “Extended spatial scalability: A generaliza-
tion of spatial scalability for non dyadic configurations,” in Proc. IEEE
ICIP, Atlanta, GA, Oct. 2006, pp. 169-172,

C. Andrew Segall (5'00-M'05) received the B.S.
and M.S. degrees in electrical engineering from
Oklahoma State University, Stillwater, in 1995
and 1997, respectively, and the Ph.D. degree in
electrical engineering from Northwestern University,
Evanston, IL, in 2002,

He is a currently a Senior Engineer at Sharp Labo-
ratories of America, Camas, WA, where he develops
video coding and video processing algorithms for
next generation display devices. From 2002 to 2004,
he was a Senior Engineer at Pixcise, Inc., Palo Alto,
he developed scaluble compression methods for high definition
‘His research interests are in image and video processing and include
coding. super resolution and scale space theory.

AND SULLIVAN: SPATIAL SCALABILITY WITHIN THE H.264/AVC SCALABLE VIDEO CODING EXTENSION

1135

Gary J. Sullivan (S'83-M'91-SM'01-F06) re-
ceived the B.S. and M.Eng. degrees in electrical
engineering from the University of Louisville 1.B.
Speed School of Engineering, Louisville, KY, in
1982 and 1983, respectively, and the Ph.D. and
Engincer degrees in electrical engineering from the
University of California, Los Angeles, in 1991.

He ic the Rapponteur/Chairman of the ITLLT

3 Video Coding Expens Group (VCEG), a Rap-
porteur/Co-Chairman  of the ISOAEC i
Picture Expents Group, (MPEG), and a Rappor-

teur/Co-Chairman of the Joint Video Team (JVT), which is a joint project
between the VCEG and MPEG organizations. He is also the ITU-T video and
image coding liaison representative to MPEG and JPEG/IBIG. Prior to Jjoining
Microsoft in 1999, he was the Manager of Communications Core Research
PictureTel Corporation (now Polycom), the world leader in videoconferencing
communication at the time. He was previously a Howard Hughes Fellow and
Member of the Technical Staff in the Advanced Systems Division of Hughes
Aircraft Corporation and was a Terrain-Following Radar (TFR) System Soft-
ware Engineer for Texas Instruments. He holds the position of Video Architect
in the Core Media Processing Team of the Entertainment and Devices Division
of Microsoft Corporation, Redmond, WA. At Microsoft he designed and
remains lead engineer for the DirectX Video Acceleration (DXVA) APVDDI
video decoding feature of the Microsoft Windows operating system. His re-
search interests and areas of publication include image and video compression,
rate-distortion optimization, motion estimation and compensation, scalar and
vector quantization, and scalable and error/packet-loss resilient video coding.

Dr. Sullivan received the Technical Achievement award of the International
Commitiee on Technology Standards (INCITS) in 2005 for his work on H.264/
MPEG-4 AVC and other video standardization topics. He was a Guest Editor of
the TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY for
the Special Issue on the H264/AVC Video Coding Standard in July 2003,

86



87



	Appendix SEGALL01 - CLP MARC.pdf
	1a
	1b

	Appendix SCHWARZ01 - CLP MARC.pdf
	1a
	1b

	Appendix MARTINS01 - CLP MARC.pdf
	1a
	1b


