IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS FOR

VIDEO TECHNOLOGY

A PUBLICATION OF THE IEEE CIRCUITS AND SYSTEMS SOCIETY
WWW.IEEE-CAS.ORG

E

DECEMBER 2004 VOLUME 14 NUMBER 12 ITCTEM (ISSN 1051-8215)

TRANSACTIONS PAPERS

Algorithms for Multiplex Scheduling of Object-Based Audio—Visual Presentations . . . . . H. Kalva and A. Eleftheriadis 1283

Iterative Error Detection and Correction of H.263 Coded Video for Wireless Networks. . .. .....................
.................................................. E. Khan, S. Lehmann, H. Gunji, and M. Ghanbari 1294

Optimal Watermark Detection Under Quantization in the Transform Domain. . . ... .. A. Briassouli and M. G. Strintzis 1308

2004 INDEX . . . oottt ettt e et et e e e e e e e e e e e Follows page 1319

QIEEE




IEEE CIRCUITS AND SYSTEMS SOCIETY

The Circuits and Systems Society is an association of IEEE members with professional interest in the field of circuits and systems theory. All members of the IEEE are eligible for membership
in the Society and will receive this TRANSACTIONS upon payment of the annual Society membership fee of $18.00, plus an annual subscription fee of $28.00. For information on joining, write
to the IEEE at the address below. Member copies of Transactions/Journals are for personal use only.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY
Editor-in-Chief Past Editor-in-Chief
THOMAS SIKORA WEIPING LI
Phone: +1 408 541 4150
Fax: +1 408 745 0249
E-mail: li@webcasttech.com

Phone: +1 49 30 314 25799
Fax: +1 49 30 314 22514
E-mail: sikora@nue.tu-berlin.de
http://www.nue.tu-berlin.de

Inst. for Telecommunications
Communication Systems Dept.
Technical Univ. Berlin

Sekr. EN-1, Einsteinufer 17

WebCast Technologies, Inc.
1153 Bordeaux Dr., Ste. 205
Sunnyvale, CA 94089

10587 Berlin, Germany

ISHFAQ AHMAD

Dept. Comput. Sci. & Eng.
Univ. Texas at Arlington
248 D/E Nedderman Hall
416 Yates St., Box 19015
Arlington, TX 76019-0015
iahmad @cse.uta.edu

KIYOHARU AIZAWA

Dept. Elect. Eng.

Univ. Tokyo

7-3-1 Hongo, Bunkyo-ku
Tokyo 113 Japan
aizawa@ee.t.u-tokyo.ac.jp

OsAMA K. AL-SHAYKH
PacketVideo Technologies
10350 Science Ctr. Dr., Ste. 140
San Diego, CA 92121
osama@packetvideo.com

JOHN F. ARNOLD
Schl. Elect. Eng.
Univ. College, UNSW

E-mail Submissions: submission_tcsvt@hhi.de

HOMER CHEN

Graduate Inst. Commun. Eng.
Nat. Taiwan Univ.

1 Sec. 4, Roosevelt Rd.
Taipei, 10617, Taiwan, R.O.C.
homer@cc.ee.ntu.edu.tw

LIANG-GEE CHEN

Dept. Elect. Eng.

National Taiwan Univ.
Taipei, Taiwan 10764 R.O.C.
lgchen@cc.ee.ntu.edu.tw

LEONARDO CHIARIGLIONE
Multimedia & Video Services
CSELT

Via G. Reiss Romoli, 274
Torino 1-10148 Italy
leonardo.chiariglione @cselt.it

HAMID GHARAVI
NIST
U.S. Dept. Commerce

Australian Defence Force Academy 100 Bureau Dr., Stop 8920

Canberra ACT 2600, Australia
j-arnold@adfa.edu.au

RAJARATHNAM CHANDRAMOULI
Dept. Elect. Comput. Eng.

207 Burchard Building
Stevens Inst. Technol.
Hoboken, NJ 07030

rchandrl @stevens-tech.edu

CHANG WEN CHEN

Dept. Elect. Comput. Eng.
Florida Inst. of Technol.
Melbourne, FL 32091
cchen@fit.edu

Gaithersburg, MD 20899-8920
gharavi@antd.nist.gov

CHRISTINE GUILLEMOT
INRIA/IRISA

Campus Univ. de Beaulieu
35042 Rennes Cedex, France
Christine.Guillemot @irisa.fr

JENQ-NENG HWANG

Dept. Elect. Eng.

Univ. Washington

Seattle, WA 98195
hwang @ee.washington.edu

ARTHUR W. WINSTON, President

W. CLEON ANDERSON, President-Elect
MOHAMED EL-HAWARY, Secretary
PEDRO A. RAY, Treasurer

Associate Editors
EBROUL IZQUIERDO
Elect. Eng. Dept.
Queen Mary, Univ. of London
London E1 4NS, U.K.

ebroul.izquierdo@elec.qmul.ac.uk

ALEX KoT

Sch. Elect. Electron. Eng.
Nanyang Technol. Univ.
S1, Nanyang Ave.
Singapore 639798
eackot@ntu.edu.sg

MURAT KUNT

Dept. Elect. Eng.

Swiss Federal Inst. Technol.
Lausanne CH-1015 Switzerland
kunt@epfl.ch

ROSA LANCINI

CEFRIEL

Via Fucini, 2

Milano 20133 Italy
rosa@cefriel.it

SANG UK LEE

School Elect. Eng.

Seoul National Univ.
Kwanak, Seoul 151-742 Korea
sanguk @sting.snu.ac.kr
RAINER LIENHART

Intel Labs

2200 Mission College Blvd.
Santa Clara, CA 95052
rainer.lienhart @intel.com
JENS-RAINER OHM

Inst. Commun. Eng.
Aachen Univ. Technol.
Melatener Str. 23

Aachen D-52072, Germany
ohm@ient.rwth-aachen.de

Officers

LEVENT ONURAL

Elect. & Electron. Eng. Dept.
Bilkent Univ.

TR-06533 Ankara, Turkey
l.onural @ieee.org

SETHURAMAN PANCHANATHAN
Dept. Comput. Sci. Eng.
Arizona State Univ.

Tempe, AZ 85287-5406
panch@asu.edu

FERNANDO PEREIRA

Dept. Elect. Comput. Eng.
Instituto Superior Tecnico
Av. Rovisco Pais

Lisboa Codex 1096 Portugal
fp@Ix.it.pt

ERIC PETAJAN

face2face animation, inc.
2 Kent Place Blvd.
Summit, NJ 07901
eric@f2f-inc.com

ATUL PURI

Apple Computer Inc.
2 Infinite Loops

MS 302-3KS
Cupertino, CA 95014
apuri @apple.com
apuri@ieee.org

HARRY SHUM

Microsoft Research Asia
3/F Beijing Sigma Center
Beijing 100080, China
hshum@microsoft.com

MICHAEL G. STRINTZIS
Elect. Comput. Eng. Dept.
Univ. Thessaloniki
Thessaloniki 540 06, Greece
strintzi @eng.auth.gr

HUIFANG SUN

Mitsubishi Electric Research Labs

558 Central Ave.
New Providence, NJ 07974
hsun@merl.com

ALI TABATABAIL

Sony Electronics

3300 Zanker Rd., MD SJ2C4
San Jose CA 95134
ali.tabatabai @am.sony.com

QI TIAN

Kent Ridge Digital Labs
21 Heng Mui Keng Terrace
Singapore 119613
tian@lit.org.sg

Kou-Hu Tzou

ESS Technology, Inc.
48401 Fremont Blvd.
Fremont, CA 94538
kou-hu.tzou@esstech.com

HIROSHI WATANABE

Visual Commun. Lab. 922A
NTT Human Interface Labs.
1-1 Hikarinooka

Yokosuka 239, Japan
hiroshi @giti.waseda.ac.jp

ZIXIANG XIONG

Dept. Elect. Eng.

Texas A&M Univ.
College Station, TX 77843
zx@lena.tamu.edu

THE INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS, INC.

MICHAEL R. LIGHTNER, Vice President, Publication Services and Products
MARC T. APTER, Vice President, Regional Activities

JAMES T. CARLO, President, IEEE Standards Association

RALPH W. WYNDRUM, JR., Vice President, Technical Activities

MICHAEL S. ADLER, Past President
JAMES M. TIEN, Vice President, Educational Activities
LEWIS M. TERMAN, Director, Division [—Circuits and Devices

Executive Staff
DANIEL J. SENESE, Executive Director
MATTHEW LOEB, Corporate Strategy & Communications
RICHARD D. SCHWARTZ, Business Administration
W. THOMAS SUTTLE, IEEE-USA
MARY WARD-CALLAN, Technical Activities

SALLY A. WASELIK, Information Technology
IEEE Periodicals

Transactions/Journals Department

Staff Director: FRAN ZAPPULLA
Editorial Director: DAWN MELLEY Production Director: ROBERT SMREK
Managing Editor: MONA MITTRA Assistant Editor: ANDREANNA WEBER
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY (ISSN 1051-8215) is published monthly by the Institute of Electrical and Electronics Engineers, Inc. Responsibility
for the contents rests upon the authors and not upon the IEEE, the Society/Council, or its members. IEEE Corporate Office: 3 Park Avenue, 17th Floor, New York, NY 10016-5997.
IEEE Operations Center: 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331. NJ Telephone: +1 732 981 0060. Price/Publication Information: Individual copies: IEEE Members
$20.00 (first copy only), nonmembers $41.00 per copy. (Note: Postage and handling charge not included.) Member and nonmember subscription prices available upon request. Available in
microfiche and microfilm. Copyright and Reprint Permissions: Abstracting is permitted with credit to the source. Libraries are permitted to photocopy for private use of patrons, provided
the per-copy fee indicated in the code at the bottom of the first page is paid through the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923. For all other copying, reprint, or
republication permission, write to Copyrights and Permissions Department, IEEE Publications Administration, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331. Copyright © 2004
by The Institute of Electrical and Electronics Engineers, Inc. All rights reserved. Periodicals Postage Paid at New York, NY and at additional mailing offices. Postmaster: Send address
changes to IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, IEEE, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331. GST Registration No. 125634188.
Printed in U.S.A.

JOHN W. STEADMAN, President, IEEE-USA

DoNALD CURTIS, Human Resources

ANTHONY DURNIAK, Publications Activities
JUDITH GORMAN, Standards Activities

CECELIA JANKOWSKI, Regional Activities
BARBARA COBURN STOLER, Educational Activities

Digital Object Identifier 10.1109/TCSVT.2004.839482

TLFeBOOK



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 14, NO. 12, DECEMBER 2004

1283

Algorithms for Multiplex Scheduling of Object-Based
Audio—Visual Presentations

Hari Kalva, Member, IEEE, and Alexandros Eleftheriadis, Senior Member, IEEE

Abstract—Object-based representation of audio-visual (AV)
presentations provides a flexible scheme to create interactive con-
tent that lends itself to resource-driven adaptation. The content
adaptation needs of mobile devices can be met well with the use of
object-based AV presentations. The main distinguishing feature
of object-based AV presentations is the scene composition at the
user terminal. In this paper, we discuss the problem of scheduling
the delivery of object-based AV presentations under resource
constraints. We explore the similarities with the problem of job
sequencing on a single machine. We present a family of algorithms
to determine the schedulability of AV presentations, and for
unschedulable presentations, we present algorithms to compute
a schedule that minimizes the additionally acquired resources.
We present algorithms for computing incremental schedules for
applications such as content authoring that require immediate
feedback on resource consumption. The algorithms can be used to
schedule object-based MPEG-4 presentations. We discuss the al-
gorithms and results by considering a relatively complex MPEG-4
presentation with 16 objects, including audio, video, and images.

Index Terms—Delivery scheduling, MPEG-4, object-based con-
tent, scheduling algorithms.

NOMENCLATURE
N Set of objects to be scheduled.
N Number of objects to be scheduled.
n; Number of access units (AUs) per object (1 < i <
N).
Aj(k) Access unit k of object j.
A

= Li Aj(k). Set of all AUs in the presentation.
ik

Ti (k) Decoding time of A;(k).

15 (k) Send time of A;(k).

o = ;Uk T (k). Send-time schedule.

C Trafﬁsmission channel of capacity C.

si(k) Size in bytes of A;(k).

d;(k) Duration (channel occupancy) of AU k on the wire;

dj(k) =C = SJ(IC)
T, Startup delay.
Maximum startup delay.
= >, di(0) > Ty(0) = 0. Time to transmit AUs
of all objects with DTS/CTS of zero.
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1. INTRODUCTION

MAGE and video encoding has been totally transformed

with the advent of new coding and representation techniques
[28]. These next-generation coding techniques have made pos-
sible encoding and representation of audio—visual (AV) scenes
with semantically or structurally meaningful objects. Such a
new paradigm of object-based representation of AV scenes and
presentations will change the way AV applications are created.
MPEG-4 is a standardization activity, under the auspices of the
International Standards Organization, specifying tools to enable
object-based AV presentations [25]. These include tools to en-
code individual objects, compose presentations with objects,
store these object-based presentations, and access these presen-
tations in a distributed manner over networks. The main distin-
guishing feature of object-based AV presentations is the scene
composition at the user terminal. The objects that are part of a
scene are composed and displayed at the user end as opposed to
encoding the composed scenes as is done in the case of MPEG-2
systems. Such object-based representation and presentation has
several benefits including compression efficiency and the capa-
bility to interact with individual objects.

The MPEG-4 Systems specification [1], [12], [13], [26] de-
fines an architecture and tools to create AV scenes from indi-
vidual objects. The scene description and synchronization tools
are at the core of the systems specification. The MPEG-4 scene
description, also referred to as binary format for scenes (BIFS),
is based on the virtual reality modeling language (VRML) and
specifies the spatiotemporal composition of objects in a scene
[26]. MPEG-4 also specifies the delivery multimedia integra-
tion framework (DMIF), a general application and transport de-
livery framework [14]. In order to keep the user unaware of
underlying transport details, MPEG-4 defined an interface be-
tween user level applications and the underlying transport pro-
tocol called the DMIF application interface (DAI). The DAI pro-
vides the required functionality for realizing multimedia appli-
cations with quality-of-service (QoS) support. This architecture
allows creation of complex presentations with wide-ranging ap-
plications. As the complexity of the content increases, so does
the complexity of the servers and user-terminals involved. The
servers now have to manage multiple streams (objects) to de-
liver a single presentation.

The flexibility of MPEG-4 enables complex interactive pre-
sentations but makes the content creation process nontrivial. Un-
like MPEG-2, the content creation process involves much more
than multiplexing the media streams. Determining the schedula-
bility, i.e., whether objects in a presentation can be delivered in
realtime, of a presentation is also important during the content
creation process to determine if the presentation being designed

TLFeBOOK
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can be scheduled for specific channel rates and client buffer ca-
pacity. It may not be possible to schedule a presentation with a
given set of resources. In order to create a schedulable presenta-
tion, some constraints may be relaxed. In the case of scheduling
objects, relaxing a constraint may involve increasing the buffer
capacity, increasing the channel capacity, not scheduling some
object instances, or removing some objects from a presentation.

In this paper, we discuss the problem of scheduling AV
objects and present algorithms for optimal scheduling of AV
objects. We present new algorithms, based on job sequencing
on a single machine proposed by Carlier [3], for scheduling
objects in a presentation. The original contributions of this
paper include: algorithm to determine the schedulability of
AV presentations, algorithm to compute startup delay optimal
schedules, algorithm to compute schedules that minimize the
required channel capacity, and algorithms to compute incre-
mental schedules. A more detailed discussion including the
issues in scheduling interactive presentation can be found in
[17]. This paper is organized as follows. The general problem
of scheduling AV objects and related earlier work is presented
in Section II. The characteristics of startup delay and terminal
buffer are discussed in Section III. In Section IV, we present
several algorithms to schedule AV presentations. Discussions
and results are presented in Section V. We conclude the paper
in Section VL.

II. SCHEDULING AV OBJECTS

Scheduling and multiplexing of AV objects in a presenta-
tion is a complex problem. Scheduling of AV objects has been
the subject of study in [1], [23], and [27]. In [23], Little and
Ghafoor present synchronization of multiobject presentations
using Petri-net models to describe timing relations in multi-
media presentations. They present network-level and applica-
tion-level synchronization protocols for multiobject presenta-
tions. The problem considered is delivering objects from mul-
tiple sources to a single destination. The problem we are consid-
ering is the network-independent scheduling of interactive AV
objects on the server side. We assume the use of underlying net-
work services for establishing connections for data transport.
We also show that scheduling objects jointly results in band-
width savings. In the Firefly system [2], the issue addressed
was scheduling a set of local objects to ensure synchroniza-
tion by adjusting the duration of the media objects involved.
The authors address the issue of meeting specified timing con-
straints on the presentation by adjusting the playrate of objects
(speeding up or slowing down playback) but do not consider net-
work delivery issues. We address the problem of synchroniza-
tion by assuming a constant delay network, a terminal buffer,
and time stamps associated with the objects in the presentations.
In [27], Song et al. describe the JINSEL system that uses band-
width profiles (BPs) to reserve bandwidth for media objects on
a delivery path. The JINSEL system computes the bandwidth
required on the network segments on the delivery path using the
amount of buffer available on the switch/component. This ap-
proach to delivering object-based presentations is not practical
because of the processing required at the intermediary nodes.
The approach reserves a constant bit rate (CBR) channel as-
suming only CBR sources while it has been shown that mul-
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Fig. 1(a). Terminal model. ( b) Server model.

tiple CBR sources, when combined, result in a variable bit rate
(VBR) source [9]. We consider a generic MPEG-4 presentation
and present algorithms for determining a delivery schedule.

In the following, the problem is explained in the context of
MPEG-4 Systems. MPEG-4 Systems specifies an architecture
to describe scenes and communicate AV data that corresponds
to the objects in a scene [1]. A scene consists of one or more
AV objects with each of these objects associated with an ele-
mentary stream that carries the corresponding data. All the ele-
mentary streams are typically multiplexed in a transport multi-
plex. A server that is transmitting objects (elementary streams)
should make sure that an access unit (AU) (an AU is the smallest
data entity to which timing information can be attributed, e.g.,
frames in an elementary stream) arrives at the terminal before
its decoding time. The constraints on the server transmission
are the channel capacity and buffer capacity at the receiving ter-
minal. This problem has similarities with VBR scheduling [24]
where the goal is to maximize the number of streams supported
by a server. One of the main differences is that in VBR sched-
uling discussed in [24] and references therein, the assumption is
that the video data being handled is periodic (e.g., 30 f/s). In a
general architecture such as MPEG-4, such an assumption is not
valid as the data may consist of only still images and associated
audio. Furthermore, the multiple streams in MPEG-4 presen-
tations are synchronized at the same end-user terminal using a
single clock or possibly multiple clocks whereas there are no in-
terdependencies when scheduling multiple VBR video streams.
This puts tighter restrictions on the scheduling of an AV presen-
tation. In such cases, the decoding times of individual AUs have
to be considered for efficient scheduling. Furthermore, the delay
tolerances and relative priorities of objects in an AV presentation
can be used to schedule objects for delivery. To make a presen-
tation schedulable, objects of lower priority could be dropped.
Even different instances of an object may be assigned different
priorities (e.g, higher priority for I and P frames and a lower
priority for B frames in an MPEG video stream). These charac-
teristics of the AV services can be used to efficiently schedule a
presentation with minimal resource consumption.

A. System Model and Assumptions

We discuss the scheduling of AV objects in the context of a
system consisting of client (end-user) server, and network com-
ponents as shown in Fig. 1(a). Fig. 1(b) shows the server model.
The server delivers objects in a presenzgkgﬁﬁqg&uled by
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the scheduler. The scheduler uses the decoding timestamps to
schedule the delivery of AUs. A decoder is assumed at the far
end that decodes the objects for real-time playback. On the client
side, data is retrieved from the network and provided to the de-
coders at decoding time of that AU. Any data that arrives before
its decoding time is buffered at the terminal. The terminal buffer
model is not considered to keep the schedule independent of ter-
minal designs. However we need the minimum buffer size for
a class of terminals to compute object schedules. The data de-
livered from the server is transported on the channel established
between the client and the server. The following assumptions
are made about the content, decoders, network, and the server.

Content:

* An AV presentation is composed of one or more ob-
jects (AV Objects).

* An AU is the smallest piece of data that can be asso-
ciated with a decoding time.

* An AV object contains one or more AUs.

* Objects and their AUs may be assigned relative pri-
orities.

Terminal/Decoders:

* The decoders have given, limited memory for re-
ceiving and decoder buffers.

* The object data is removed instantaneously from the
buffer at the decoding time given by the object’s de-
coding timestamp.

* An object/instance that is received before the de-
coding time is buffered in the decoder-input buffers
until its decoding time.

* More than one object instance may be present in the
decoder-input buffers.

Channel/Network:

* End-to-end delays from the server to the player (in-
cluding the transmission delay) are assumed to be
constant.

* The capacity required for the signaling channel is
assumed to be negligibly small.

* The transport layer is work conserving, and delivers
the packets to the network instantaneously.

Server:

* Audio-visual objects are available at the server in the
form of time-stamped AUs.

* All the AUs of an object are delivered in their de-
coding order.

* A server presents an AU to the transport layer at the
send time determined by the scheduler.

B. Problem Formulation

Given a set of NV objects that comprise an AV presentation,
with each object containing n; AUs each with a decoding time
T]‘-l, of kth AU of object 7, a transmission channel of capacity
C, terminal buffer of size B, allowed startup delay of 7%, and
duration (channel occupancy) of each AU on the channel, d; (k),
is there a schedule o that satisfies the following constraints:

T (k) < T (k) — d;(k) (1)

T (k+1) > T5(k) + dj (k) @)
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DO e - E

Fig. 2. Sequencing of AUs in a 3-object presentation.

if Az(k) €A-— Aj<l> then
either 777 (k) + d; (k) < 17 (1)
or T (k) > T3 (1) + d;(1) 3)

B(t) =Y Cxdj(k),
ik

FOT(k) +di(k) <t THR) >t (4)
T, < Tmax? 3)

Constraints (1)—(5) represent the conditions for transmission
and playback of object based AV presentations. Constraint (1)
enforces the on-time delivery of AUs. Ignoring the constant
end-to-end delays, (1) gives the latest time an AU can be trans-
mitted. Constraint (2) imposes intraobject synchronization by
enforcing precedence constraints among the AUs. Access units
are never transmitted out of order; they are transmitted in their
decoding order. Since a single channel is used for transmission,
channel occupancy of any two AUs cannot overlap. Constraint
(3) ensures that data is delivered on a single channel between
a server and a client, i.e., if we consider any two AUSs in the
presentation, only one of them can be transmitted at any time.
Constraint (4) gives the buffer occupancy at the end-user ter-
minal at time ¢. Constraint (5) gives a bound on the startup delay
for the given presentation. If the problem cannot be solved, i.e.,
a schedule that satisfies the given resource constraints cannot
be found, some of the constraints could be relaxed in order to
find a schedule. The constraints can be relaxed by reducing the
number of objects, increasing the startup delay, or increasing the
channel capacity.

Example: Consider the scheduling of a presentation with
three objects as shown in Fig. 2. Object 1 has five AUs, ob-
ject 2 has three AUs, and object 3 has one AU. The AUs are
shown with increasing decoding time stamps from left to right.
We have to find a schedule, if one exists, that sequences the
AUs starting with the first AU of one of the three objects and
satisfying the constraints. Fig. 2 shows one such sequence.
The general problem of determining the existence of such a
sequence is NP-complete. We prove that in Theorem 1.

Scheduling is a complex problem and has been widely
studied [4]-[6], [8]. Many of the scheduling problems are
NP-complete and a number of approximation algorithms are
developed trading off optimality for tractability [10], [30].
The scheduling problem closest to the AV object scheduling
is job-shop scheduling on a single machine. There has been
earlier work on scheduling on single machines. Complexity
of machine scheduling problems is studied in [21]. Carlier
proved the NP-hardness of one-machine sequencing problem
in [3] and some approximation algorithms are discussed in
[10]. Another problem with similarities t-(“‘\ﬁe;. Klg is job
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73
hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
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quantifying/recognizing human movement patterns from monocular video images-
partll. Green,R.D., + , T-CSVT Feb 04 191-198
Biometrics (access control)
image- and video-based biometrics (special section). T-CSVT Jan 04 1-113
image- and video-based biometrics (special section). T-CSVT Feb 04 146-243
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Jan 04 1-3
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Feb 04 146-148
Biometrics (access control); cf. Fingerprint identification; Handwriting recognition
Block codes
block-coded images, overcomplete wavelet representation, blocking artifacts
suppression. Liew, A.W:-C., + , T-CSVT Apr 04 450-461
image resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-
CSVT Feb 04 274-279
Boolean algebra; cf.Boolean functions
Boolean functions
palm-dorsa vein patterns, biometric verification, thermal images. Chih-Lung Lin, +,
T-CSVT Feb 04 199-213
Buffer memories
low-delay video communs., modified TMN8 rte control. Jyi-Chang Tsai, +, T-
CSVT Jun 04 864-868
low-delay video streaming, error-prone channels, adaptive media playout. Kalman,
M., + , T-CSVT Jun 04 841-851
Building
combining a fuzzy rule-based classifier and illum. invariance for improved building
detection. Zeljkovic, V., + , T-CSVT Nov 04 1277-1280

Cameras
palm-dorsa vein patterns, biometric verification, thermal images. Chih-Lung Lin, +,
T-CSVT Feb 04 199-213
Camer as; cf.Video cameras
Cellular arrays; cf.Systolic arrays
Channel coding
real-time error protection of embedded codes for packet erasure and fading channels.
Sankovic, V.M., + , T-CSVT Aug 04 1064-1072
robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874-879
Classification
combining afuzzy rule-based classifier and illum. invariance for improved building
detection. Zeljkovic, V., + , T-CSVT Nov 04 1277-1280
CMOSintegrated circuits
2D DCT and inverse, cost-effective VLS| implement. Danian Gong, + , T-CSVT Apr
04 405415
efficient 2D DCT/IDCT core design, cyclic convolution and adder-based realization.
Jiun-In Guo, + , T-CSVT Apr 04 416-428
Codecs
efficient, low-complexity image coding with a set-partitioning embedded block
coder. Pearlman, W.A., + , T-CSVT Nov 04 1219-1235
Codecs; cf.Video codecs
Codes
real-time chip implementation for adaptive video coding control. Hsia, S-C., +, T-
CSVT Aug 04 1098-1104
Codes; cf. Arithmetic codes; Block codes; Convolutional codes; Entropy codes; Huffman
codes
Color
efficient, low-complexity image oding with a set-partitioning embedded block
coder. Pearlman, W.A., + , T-CSVT Nov 04 1219-1235
segmentation of the face and hands in sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
Color; cf.Image color analysis
Color displays
corrections to "An adaptive postprocessing technique for the reduction of color
bleeding in DCT-coded images" (Jan 04 114-121). Coudoux, F-X., +, T-CSVT
Oct 04 1215-1216
Color vision
corrections to "An adaptive postprocessing technique for the reduction of color
bleeding in DCT-coded images" (Jan 04 114-121). Coudoux, F-X., +, T-CSVT
Oct 04 1215-1216
Communication channels
corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441449
low-delay video dreaming, error-prone channels, adaptive media playout. Kalman,
M., + , T-CSVT Jun 04 841-851

+ Check author entry for coauthors

robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874-879
video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891
Communication system control
low-delay video communs., modified TMN8 rate control. Jyi-Chang Tsai, +, T
CSVT Jun 04 864-868
robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182
Communication system operations and management
haptics, immersive telecomm. environments, role. Reiner, M., -CSVT Mar 04 392-
401
Communication systems
video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891
Communication system traffic
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Compensation; cf. Motion compensation
Complexity theory
face recogn., improv. kernel Fisher discriminant anal. Qingshan Liu, +, T-CSVT Jan
04 42-49
fast binary motion estim. algm. for MPEG-4 shape coding. Tsung-Han Tsai, +, T-
CSVT Jun 04 908913
interactive content-based retrieval and organization, gen. nonlin. relevance feedback.
Doulamis, AD., + , T-CSVT May 04 656-671
motion compensation assisted motion adaptive interlaced-to-progressive conversion.
Seungjoon Yang, + , T-CSVT Sep 04 1138-1148
M PEG-2 coded video, optimal data partitioning. Eleftheriadis, A., + , T-CSVT Oct 04
1195-1209
MPEG-4 shape coding, lin. rate-distortion models Zhenzhong Chen, +, T-CSVT Jun
04 869873
multi-resoln. block matching algm. and VLSI archit. for fast motion estim., MPEG-2
video encoder. Byung Cheol Song, + , T-CSVT Sep 04 1119-1137
nonrigid shapes, single closed contour, multiscale representation nethod. Adamek,
T.,+ , T-CSVT May 04 742-753
robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Computer animation
MPEG-4's animation framework extension (special issue). T-CSVT Jul 04 925-1045
MPEG-4's animation framework extension (special issue intro.). Shepard, K.L., F
CSVT Jul 04 925927
Computer applications; cf. Multimedia systems
Computer architecture
novel VLSI architecture for multidimensional discrete wavelet transform. Dai, Q.,
+,T-CSVT Aug 04 1105-1110
Computer graphics
progressive view -dependent technique for interactive 3-D mesh transmission. Yang,
S, + , T-CSVT Nov 04 1249-1264
Computer graphics; cf. Computer animation; Rendering (computer graphics); Virtual
reality
Computer software; cf. Subroutines
Concatenated coding
JPEG2000 bitstream, efficient channel protection. Sanchez, V., +, T-CSVT Apr 04
554-558
Content-addr essable storage
byte and modulo addressable parallel memory architecture for video coding.
Tanskanen, J.K., + , T-CSVT Nov 04.1270-1276
Content management
content-based movie analysis and indexing based on audiovisual cues. Li, Y., +, T-
CSVT Aug 04 1073-1085
Control theory; cf. Adaptive control; Proportional control
Convolution
efficient 2D DCT/IDCT core design, cyclic convolution and adder-based realization.
Jiun-InGuo, + , T-CSVT Apr 04 416-428
Convolutional codes
JPEG2000 bitstream, efficient channel protection. Sanchez, V., +, T-CSVT Apr 04
554-558
Copy protection; cf. Watermarking
Covariance matrices
Bayesian classifiers, biometric recogn., covariance estim. Thomaz, C.E., +, T-CSVT
Feb 04 214-223
Crosstalk
perceptual evals. and requirements of 3D TV, survey. Meesters, L.M.J., +, T-CSVT
Mar 04 381-391
Cryptography
bandwidth expansion, image scrambling. Van De Ville, D., +, T-CSVT Jun 04 892-
897

D

Database management systems; cf. Multimedia databases; Object-oriented databases
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Data compression
block-coded images, overcomplete wavelet representation, blocking artifacts
suppression. Liew, A\W:C., + , T-CSVT Apr 04 450-461
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
corrections to "An adaptive mstprocessing technique for the reduction of color
bleeding in DCT-coded images" (Jan 04 114-121). Coudoux, F-X., +, T-CSVT
Oct 04 1215-1216
DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521
efficient 2D DCT/IDCT core design, cyclic convolution and adder-based realization.
Jiun-In Guo, + , T-CSVT Apr 04 416-428
encoder-decoder texture replacement method, appl., content-based movie coding.
Dumitras, A., + , T-CSVT Jun 04 825-840
fast content access, MPEG compress. videos, video extr. Jianmin Jiang, +, T-CSVT
May 04 595-605
image resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-
CSVT Feb 04 274-279
motion estimation using spatiotemporal contextual information. Namuduri, K.R., T-
CSVT Aug 04 1111-1115
M PEG-4 animation, interpolator data compress. Jang, E.S,, +, T-CSVT Jul 04 989-
1008
novel VLSI architecture for multidimensional discrete wavelet transform. Dai, Q.,
+,T-CSVT Aug 04 1105-1110
perceptual evals. and requirements of 3D TV, survey. Meesters, L.M.J., +, T-CSVT
Mar 04 381-391
real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621
reduction of color bleeding, DCT-coded images, adaptive postprocessing tech.
Coudoux, F-X., +, T-CSVT Jan 04 114-121
robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874-879
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
static and animated 3D objs., depth image-based representation and compress.
Levkovich-Maslyuk, L., +, T-CSVT Jul 04 1032-1045
video obj. segm., compress. domain approach. Babu, R.V., +, T-CSVT Apr 04 462-
474
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Data compression; cf. Source coding; Vector quantization
Data handling; cf.Merging
Data security
biometric recogn., introduction. Jain, AK., + , T-CSVT Jan 04 4-20
Datastructures
static and animated 3D objs., depth image-based representation and compress.
Levkovich-Maslyuk, L., +, T-CSVT Jul 04 1032-1045
Data structures; cf. Tree datastructures
Decision-making
irisrecogn. works. Daugman, J., T-CSVT Jan 04 21-30
Decoding
encoder-decoder texture replacement method, appl., content-based movie coding.
Dumitras, A., + , T-CSVT Jun 04 825-840
Detectors
optimal watermark detection under quantization in the transform domain. Briassouli,
A, + ,T-CSVT Dec 04 1308-1319
Digital circuits; cf. Adders; Digital filters
Digital communication
optimal watermark detection under quantization in the transform domain. Briassouli,
A, + ,T-CSVT Dec 04 1308-1319
Digital filters
image resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-
CSVT Feb 04 274-279
Digital filters; cf. Multidimensional digital filters
Digital signal processors
2D DCT and inverse, cost-effective VLS| implement. Danian Gong, + , T-CSVT Apr
04 405415
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
Digital storage; cf. Content-addressable storage
Digital systems; cf. Digital communication
Digital television; cf. Digital video broadcasting
Digital TV
future of immersive media, 3D image proc. Isgro, F., +, T-CSVT Mar 04 288-303
Digital video broadcasting
real-time chip implementation for adaptive video coding cont. Hsia, S-C., +, T
CSVT Aug 04 1098-1104
Discrete cosinetransforms
2D DCT and inverse, cost-effective VLS| implement. Danian Gong, + , T-CSVT Apr
04 405415
block-coded images, overcomplete wavelet representation, blocking artifacts
suppression. Liew, AW:C.,+ , T-CSVT Apr 04 450-461

+ Check author entry for coauthors
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corrections to "An adaptive postprocessing technique for the reduction of color
bleeding in DCT-coded images" (Jan 04 114-121). Coudoux, F-X., +, T-CSVT
Oct 04 1215-1216

corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441-449

DCT blocks, optimal Huffman coding. Lakhani, G., T-CSVT Apr 04 522527

DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521

efficient 2D DCT/IDCT core design, cyclic convolution and adder-based realization.
Jiun-In Guo, + , T-CSVT Apr 04 416-428

fast content access, MPEG compress. videos, video extr. Jianmin Jiang, +, T-CSVT

May 04 595605

image resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-
CSVT Feb 04 274279

joint optimal obj. shape estim. and encoding. Kondi, L.P., + , T-CSVT Apr 04 528-
533

reduction of color bleeding, DCT-coded images, adaptive postprocessing tech.
Coudoux, F-X., +, T-CSVT Jan 04 114-121
scalable variable complexity approximate forward DCT. Lengwehasatit, K., +, T
CSVT Nov 04 1236-1248
video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891
wavel et-based sprite codec. Dasu, A.R., + , T-CSVT Feb 04 244-255
Discretetransforms; cf. Discrete cosine transforms; Discrete wavel et transforms
Discrete wavelet transforms
novel VLSI architecture for multidimensional discrete wavelet transform. Dai, Q.,
+,T-CSVT Aug 04 1105-1110
Display devices; cf.Liquid crystal displays
Display instrumentation; cf.Color displays; Three-dimensional displays
Distortion measur ement
channel-adaptive resource alocation for scalable video transmission over 3G
wireless network. Zhang, Q., + , T-CSVT Aug 04 1049-1063
Distributed processing; cf. Pipeline processing
Dynamic programming
nonrigid shapes, single closed contour, multiscale representation method. Adamek,
T.,+ , T-CSVT May 04 742-753
Dynamic programming; cf. Integer programming

Edgedetection
combining a fuzzy rule-based classifier and illum. invariance for improved building
detection. Zeljkovic, V., + , T-CSVT Nov 04 1277-1280
Education; cf. Educational technology
Educational technology
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
speech-to-video synthesis, MPEG-4 compliant visual features. Aleksic, P.S, +, T
CSVT May 04 682-692
video-based rendering technol., MPEG, 3DAV exploration. Smolic, A., + , T-CSVT
Mar 04 348-356
Electronic publishing; cf. Content management
Encoding; cf. Channel coding; Codes; Image coding; Source coding; Transform coding;
Vector quantization
Entropy
irisrecogn. works. Daugman, J., T-CSVT Jan 04 21-30
Entropy; cf. Entropy codes, Maximum entropy methods
Entropy codes
efficient, low-complexity image coding with a set-partitioning embedded block
coder. Pearlman, W.A., + , T-CSVT Nov 04 1219-1235
Error analysis
archived film segs., nonlin. model, flicker correction. Vlachos, T., FCSVT Apr 04
508-516
corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441-449
likelihood-ratio-based biometric verification. Bazen, AM., + , T-CSVT Jan 04 86-94
robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874-879
Error correction
channel-adaptive resource allocation for scalable video transmission over 3G
wireless network. Zhang, Q., + , T-CSVT Aug 04 1049-1063
corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441449
Error correction; cf. Forward error correction
Error correction coding
TCP-friendly Internet video, smooth and fast rate adaptation and net.-aware error
control. Young-Gook Kim, + , T-CSVT Feb 04 256-268
Error detection
iterative error detection and correction of H.263 coded video for wireless networks.
Khan, E., + , T-CSVT Dec 04 1294-1307
Estimation theory; cf. Maximum likelihood estimation
Evolutionary computation; cf. Genetic algorithms
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Extrapolation
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334

Facerecognition
Bayesian classifiers, biometric recogn., covariance estim. Thomaz, C.E., +, T-CSVT
Feb 04 214-223
biometric recogn., introduction. Jain, AK., + , T-CSVT Jan 04 4-20
global and local textures, Bayesian shape localization. Shuicheng Yan, +, T-CSVT
Jan 04 102-113
image- and video-based biometrics (special section). T-CSVT Jan 04 1-113
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Jan 04 1-3
images, robust multipose face detect. Rong Xiao, + , T-CSVT Jan 04 31-41
improv. kernel Fisher discriminant anal. Qingshan Liu, + , T-CSVT Jan 04 42-49
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
sketch recogn. Xiaoou Tang, + , T-CSVT Jan 04 50-57
Fading; cf. Fading channels
Fading channels
real-time error protection of embedded codes for packet erasure and fading channels.
Sankovic, V.M., + , T-CSVT Aug 04 1064-1072
Fading channels; cf. Rayleigh channels
Feature extraction
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
directional filter bank-based fingerprint feature extr. and matching. Chul-Hyun Park,
+,T-CSVT Jan 04 74-85
event detect., video, rejection-based method. Osadchy, M., +, T-CSVT Apr 04 534-
541
face recogn., global and local textures, Bayesian shape localization. Shuicheng Yan,
+,T-CSVT Jan 04 102-113
face recogn., improv. kernel Fisher discriminant anal. Qingshan Liu, +, T-CSVT Jan
04 42-49
hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
MPEG-7 spectral basis representations, audio class. Hyoung-Gook Kim, + , T-CSVT
May 04 716-725
selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
video obj. segm., compress. domain approach. Babu, R.V., +, T-CSVT Apr 04 462-
474
Feedback
robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182
File organization; cf. Data structures

Filtering
bidirectional MC-EZBC, lifting implement. Peisong Chen, +, T-CSVT Oct 04 1183-
1194
image resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-
CSVT Feb 04 274279

images, robust multipose face detect. Rong Xiao, + , T-CSVT Jan 04 31-41
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Filters; cf.Digital filters
Fingerprint identification
Bayesian classifiers, biometric recogn., covariance estim. Thomaz, C.E., +, T-CSVT
Feb 04 214223
biometric recogn., introduction. Jain, AK., + , T-CSVT Jan 04 4-20
compress. fingerprint videos, dyn. behavior anal. Dorai, C., +, T-CSVT Jan 04 58-
73
directional filter bank-based fingerprint feature extr. and matching. Chul-Hyun Park,
+,T-CSVT Jan 04 74-85
images, fast fingerprint verification, subregions. Chan, K.C., +, T-CSVT Jan 04 95-
101
likelihood-ratio-based biometric verification. Bazen, AM., + , T-CSVT Jan 04 86-94
Finite automata; cf.Finite state machines
Finite element analysis; cf. Mesh generation
Finite state machines
early detect. of drowning incidents, swimming pools, vision-based approach.
Wenmiao Lu, + , T-CSVT Feb 04 159-178
Formal logic; cf. Boolean functions; Fuzzy logic
Forward error correction
channel-adaptive resource allocation for scalable video transmission over 3G
wireless network. Zhang, Q., + , T-CSVT Aug 04 1049-1063

+ Check author entry for coauthors

real-time error protection of embedded codes for packet erasure and fading channels.
Sankovic, V.M., + , T-CSVT Aug 04 1064-1072
Functional analysis
interactive content-based retrieval and organization, gen. nonlin. relevance feedback.
Doulamis, A.D., + , T-CSVT May 04 656-671
Functions; cf.Boolean functions
Fuzzy logic
combining a fuzzy rule-based classifier and illum. invariance for improved building
detection. Zeljkovic, V., + , T-CSVT Nov 04 1277-1280
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
Fuzzy sets
hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
interactiveimage retrieval, query feedback. Kushki, A., + , T-CSVT May 04 644-655
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633

G

Gaussian distributions
interest coding, JPEG2000, prioritized region. Sanchez, V., +, T-CSVT Sep 04 1149-
1155
Gaussian processes
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
Genetic algorithms
interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-
CSVT Jun 04 757-775
Group theory
Bayesian classifiers, biometric recogn., covariance estim. Thomaz, C.E., +, T-CSVT
Feb 04 214223

Handwriting recognition
biometric recogn., introduction. Jain, AK., + , T-CSVT Jan 04 4-20
Hidden Markov models
MPEG-7 spectral basis representations, audio class. Hyoung-Gook Kim, +, T-CSVT
May 04 716-725
quantifying/recognizing human movement patterns from monocular video images-
part|. Green, RD., +, T-CSVT Feb 04 179-190
speech-to-video synthesis, MPEG-4 compliant visual features. Aleksic, P.S, +, T
CSVT May 04 682-692
visual speech elements, adaptively boosted HMM, recogn. Say Wei Foo, +, T-CSVT
May 04 693-705
Hierarchical systems
efficient, low-complexity image coding with a set-partitioning embedded block
coder. Pearlman, W.A., + , T-CSVT Nov 04 1219-1235
High level languages; cf.Visual languages
Huffman codes
DCT blocks, optimal Huffman coding. Lakhani, G., T-CSVT Apr 04 522527
Humanities; cf.Music

Identification; cf. Parameter estimation
Image classification
Bayesian classifiers, biometric recogn., covariance estim. Thomaz, C.E., +, T-CSVT
Feb 04 214223
bidirectional MC-EZBC, lifting implement. Peisong Chen, +, T-CSVT Oct 04 1183-
1194
combining a fuzzy rule-based classifier and illum. invariance for improved building
detection. Zeljkovic, V., + , T-CSVT Nov 04 1277-1280
face recogn., improv. kernel Fisher discriminant anal. Qingshan Liu, +, T-CSVT Jan
04 42-49
hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
images, robust multipose face detect. Rong Xiao, + , T-CSVT Jan 04 31-41
static and dyn. body biometrics for gait recogn., fusion. Liang Wang, + , T-CSVT Feb
04 149-158
video obj. segm., Bayes-based temporal tracking and trajectory-based region
merging. Mezaris, V., + , T-CSVT Jun 04 782-795
Image coding
3D QoS, MPEG-4 visual texture coding, view-depend., scalable texture streaming.
Lafruit, G., + , T-CSVT Jul 04 1021-1031
block-coded images, overcomplete wavelet representation, blocking artifacts
suppression. Liew, A\W:C., + , T-CSVT Apr 04 450-461
corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441-449
DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521
efficient, low-complexity image coding with a set-partitioning embedded block
coder. Pearlman, W.A., + , T-CSVT Nov 04 1219-1235
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hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
interest coding, JPEG2000, prioritized region. Sanchez, V., +, T-CSVT Sep 04 1149-
1155
JPEG2000 bitstream, efficient channel protection. Sanchez, V., +, TFCSVT Apr 04
554-558
MESHGRID, compact, multiscalable and animation-friendly surface representation.
Salomie, I.A., + , T-CSVT Jul 04 950-966
M PEG-4 animation framework eXtension, introduction. Bourges-Sevenier, M., + , T-
CSVT Jul 04 928936
MPEG-4 animation, interpolator data compress. Jang, E.S,, +, T-CSVT Jul 04 989-
1008
MPEG-4, solid representation. Mignot, A., + , T-CSVT Jul 04 967-974
reduction of color bleeding, DCT-coded images, adaptive postprocessing tech.
Coudoux, F-X., +, T-CSVT Jan 04 114-121
resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-CSVT Feb
04 274279
scalable variable complexity approximate forward DCT. Lengwehasatit, K., +, T
CSVT Nov 04 1236-1248
static and animated 3D objs., depth image-based representation and compress.
Levkovich-Maslyuk, L., +, T-CSVT Jul 04 1032-1045
virtual character, MPEG-4 animation framework eXtension. Preda, M., +, T-CSVT
Jul 04 975-988
wavelet-based 3D model coding techs., comp.Moran, F., + , T-CSVT Jul 04 937-949
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Image coding; cf.Video coding
Image color analysis
colored objs., video, robust segm. and tracking. Gevers, T., T-CSVT Jun 04 776-781
corrections to "An adaptive postprocessing technique for the reduction of color
bleeding in DCT-coded images" (Jan 04 114-121). Coudoux, F-X., +, T-CSVT
Oct 04 1215-1216
demosaicked image postprocessing, local color ratios. Lukac, R.,, +, T-CSVT Jun 04
914-920
images, robust multipose face detect. Rong Xiao, + , T-CSVT Jan 04 31-41
real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621
reduction of color bleeding, DCT-coded images, adaptive postprocessing tech.
Coudoux, F-X.,+, T-CSVT Jan 04 114-121
selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
video obj. segm., Bayes-based temporal tracking and trajectory-based region
merging. Mezaris, V., + , T-CSVT Jun 04 782-795
Image communication
low-delay video communs., modified TMN8 rate control. Jyi-Chang Tsai, +, T-
CSVT Jun 04 864-868
low-delay video streaming, error-prone channels, adaptive media playout. Kalman,
M., + , T-CSVT Jun 04 841-851
robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874-879
selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
TCP-friendly Internet video, smooth and fast rate adaptation and net-aware error
control. Young-Gook Kim, + , T-CSVT Feb 04 256-268
video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891
I mage compression
corrections to "An adaptive postprocessing technique for the reduction of color
bleeding in DCT-coded images" (Jan 04 114-121). Coudoux, F-X., +, T-CSVT
Oct 04 1215-1216
Image databases
face sketch recogn. Xiaoou Tang, + , T-CSVT Jan 04 50-57
hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
interactive content-based retrieval and organization, gen. nonlin. relevance feedback.
Doulamis, AD., + , T-CSVT May 04 656-671
region-based image retrieval, relevance feedback. Feng Jing, +, T-CSVT May 04
672-681
Image edge analysis
accurate and quasiautomatic lip tracking. Eveno, N., + , T-CSVT May 04 706-715
combining shape prior and stat. features for act. contour segm. Gastaud, M., + , T-
CSVT May 04 726-734
spatialy transitional regions, visual distortion assess., emphasis. EePing Ong, +, T-
CSVT Apr 04 559-566
Image matching
directional filter bank-based fingerprint feature extr. and matching. Chul-Hyun Park,
+,T-CSVT Jan 04 74-85
face sketch recogn. Xiaoou Tang, + , T-CSVT Jan 04 50-57
fingerprint images, fast fingerprint verification, subregions. Chan, K.C., +, T-CSVT
Jan 04 95-101
global elimination algm. and archit. design for fast block matching motion estim. Yu-
Wen Huang, + , T-CSVT Jun 04 898-907
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
irisrecogn. works. Daugman, J., T-CSVT Jan 04 21-30

+ Check author entry for coauthors
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likelihood-ratio-based biometric verification. Bazen, A M., + , T-CSVT Jan 04 86-94
matching pursuit and appl., motion-compensated video coding, dictionary design.
Schmid-Saugeon, P., + , T-CSVT Jun 04 880-886
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
multi-resoln. block matching algm. and VLSI archit. for fast motion estim., MPEG-2
video encoder. Byung Cheol Song, + , T-CSVT Sep 04 1119-1137
Image motion analysis; cf. Motion compensation; Motion estimation
Image processing
content-based movie analysis and indexing based on audiovisual cues. Li, Y., +, T-
CSVT Aug 04 1073-1085
image- and video-based biometrics (special section). T-CSVT Jan 04 1-113
image- and video-based biometrics (special section. T-CSVT Feb 04 146-243
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Jan 04 1-3
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Feb 04 146-148
interactive content-based retrieval and organization, gen. nonlin. relevance feedback.
Doulamis, A.D., + , T-CSVT May 04 656-671
interactiveimage retrieval, query feedback. Kushki, A., + , T-CSVT May 04 644-655
motion estimation using spatiotemporal contextual information. Namuduri, K.R., T-
CSVT Aug 04 1111-1115
MPEG-4's animation framework extension (special issue). T-CSVT Jul 04 925-1045
MPEG-4's animation framework extension (special issue intro.). Shepard, K.L., F
CSVT Jul 04 925927
novel VLS| architecture for multidimensional discrete wavelet transform. Dai, Q.,
+,T-CSVT Aug 04 1105-1110
real-time error protection of embedded codes for packet erasure and fading channels.
Stankovic, V.M., + , T-CSVT Aug 04 1064-1072
region-based image retrieval, relevance feedback. Feng Jing, +, T-CSVT May 04
672-681
Image processing; cf. Image coding; Image color analysis, Image recognition; Image
reconstruction; Image resolution; Image sampling; Image segmentation; Stereo
image processing; Video signal processing
Imagerecognition
event detect., video, rejection-based method. Osadchy, M., +, T-CSVT Apr 04 534-
541
image- and video-based biometrics (special section). T-CSVT Jan 04 1-113
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Jan 04 1-3
Image recognition; cf. Edge detection; Face recognition; Fingerprint identification;
Image classification; |mage matching
Imagereconstruction
3D capturing of live action and immersive actor feedback, combined studio prod.
syst. Grau, O., + , T-CSVT Mar 04 370-380
immersive telepresence, stereo-based environ. scanning. Mulligan, J., +, TFCSVT
Mar 04 304-320
interest coding, JPEG2000, prioritized region. Sanchez, V., +, T-CSVT Sep 04 1149-
1155
real-time dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D
video. Matsuyama, T., + , T-CSVT Mar 04 357-369
reduction of color bleeding, DCT-coded images, adaptive postprocessing tech.
Coudoux, F-X., +, T-CSVT Jan 04 114-121
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Image reconstruction; cf.Image restoration
Imagerepresentations
event detect., video, rejection-based method. Osadchy, M., +, T-CSVT Apr 04 534-
541
face recogn., global and local textures, Bayesian shape localization. Shuicheng Yan,
+,T-CSVT Jan 04 102-113
face recogn., improv. kernel Fisher discriminant anal. Qingshan Liu, +, T-CSVT Jan
04 42-49
hierarchical palmprint coding, multiple features for pers. ident., large DB. You, J.,
+,T-CSVT Feb 04 234-243
interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-
CSVT Jun 04 757-775
joint optimal obj. shape estim. and encoding. Kondi, L.P., + , T-CSVT Apr 04 528-
533

MESHGRID, compact, multiscalable and animation-friendly surface representation.
Salomie, I.A., + , T-CSVT Jul 04 950-966

M PEG-4, solid representation. Mignot, A., + , T-CSVT Jul 04 967-974

nonrigid shapes, single closed contour, multiscale representation method. Adamek,
T+, T-CSVT May 04 742-753

real-time dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D
video. Matsuyama, T., + , T-CSVT Mar 04 357-369

static and animated 3D objs., depth image-based representation and compress.
Levkovich-Maslyuk, L., +, T-CSVT Jul 04 1032-1045

video-based rendering technol., MPEG, 3DAV exploration. Smolic, A., + , T-CSVT
Mar 04 348-356

videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
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Imageresolution
fast block motion estim., enhanced hexagonal search. Ce Zhu, +, T-CSVT Oct 04
1210-1214
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-
CSVT Jun 04 757-775
MPEG-4 shape coding, lin. rate-distortion models. Zhenzhong Chen, +, T-CSVT Jun
04 869873
multi-resoln. block matching algm. and VLSI archit. for fast motion estim., MPEG-2
video encoder. Byung Cheol Song, + , T-CSVT Sep 04 1119-1137
video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Imagerestoration
archived film segs., nonlin. model, flicker correction. Vlachos, T., FCSVT Apr 04
508-516
demosaicked image postprocessing, local color ratios. Lukac, R., +, T-CSVT Jun 04
914-920
Image sampling
MPEG-4 shape coding, lin. rate-distortion models. Zhenzhong Chen, +, T-CSVT Jun
04 869873
resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-CSVT Feb
04 274-279
I mage segmentation
accurate and quasiautomatic lip tracking. Eveno, N., + , T-CSVT May 04 706-715
colored objs., video, robust segm. and tracking. Gevers, T., T-CSVT Jun 04 776-781
combining shape prior and stat. features for act. contour segm. Gastaud, M., + , T-
CSVT May 04 726-734
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
efficient recursive shortest spanning tree algm., linking props. Sai Ho Kwok, +, T-
CSVT Jun 04 852-863
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-
CSVT Jun 04 757-775
real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621
real-time shot change detect., online MPEG-2 video. Bescos, J., T-CSVT Apr 04 475-
484
segmentation of the face and hands in sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
selective-quality video ommuns., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
static and dyn. body biometrics for gait recogn., fusion. Liang Wang, + , T-CSVT Feb
04 149-158
video obj. segm., Bayes-based temporal tracking and trajectory-based region
merging. Mezaris, V., + , T-CSVT Jun 04 782-795
video obj. segm., compress. domain approach. Babu, R.V., +, T-CSVT Apr 04 462-
474
video scene segm., spatial contours and 3D robust motion estim. Papadimitriou, T.,
+,T-CSVT Apr 04 485-497
video segm. appl. scenarios, class. Correia, P.L., + , T-CSVT May 04 735-741
Image sequence analysis
archived film segs., nonlin. model, flicker correction. Vlachos, T., FCSVT Apr 04
508-516
bandwidth expansion, image scrambling. Van De Ville, D., +, T-CSVT Jun 04 892-
897
colored objs., video, robust segm. and tracking. Gevers, T., T-CSVT Jun 04 776-781
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
encoder-decoder texture replacement method, appl., content-based movie coding.
Dumitras, A., + , T-CSVT Jun 04 825-840
enhanced 2-stage multiple description video coder, drift reduction. Yen-Chi Lee, +,
T-CSVT Jan 04 122-127
event detect., video, rejection-based method. Osadchy, M., +, T-CSVT Apr 04 534-
541
interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-
CSVT Jun 04 757-775
matching pursuit and appl., motion-compensated video coding, dictionary design.
Schmid-Saugeon, P., + , T-CSVT Jun 04 880-886
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
M PEG-4 shape coding, lin. rate-distortion models. Zhenzhong Chen, +, T-CSVT Jun
04 869873
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621
real-time shot change detect., online MPEG-2 video. Bescos, J., T-CSVT Apr 04 475-
484
static and dyn. body biometricsfor gait recogn., fusion. Liang Wang, + , T-CSVT Feb
04 149-158

+ Check author entry for coauthors

video obj. segm., Bayes-based temporal tracking and trajectory-based region
merging. Mezaris, V., + , T-CSVT Jun 04 782-795

video scene segm., spatial contours and 3D robust motion estim. Papadi mitriou, T.,
+,T-CSVT Apr 04 485-497

video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891

Imagetextureanalysis

3D QoS, MPEG-4 visual texture coding, view-depend., scalable texture streaming.
Lafruit, G., + , T-CSVT Jul 04 1021-1031

encoder-decoder texture replacement method, appl., content-based movie coding.
Dumitras, A., + , T-CSVT Jun 04 825-840

face recogn., global and local textures, Bayesian shape localization. Shuicheng Yan,
+,T-CSVT Jan 04 102-113

joint optimal obj. shape estim. and encoding. Kondi, L.P., +, T-CSVT Apr 04 528-
533

real-time dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D
video. Matsuyama, T., + , T-CSVT Mar 04 357-369
static and animated 3D objs., depth image-based representation and compress.
Levkovich-Maslyuk, L., +, T-CSVT Jul 04 1032-1045
Imaging; cf. Infrared imaging
Indexes
interactiveimage retrieval, query feedback. Kushki, A., + , T-CSVT May 04 644-655
real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621
video text detect. algms., automatic perform. eval. protocol. Xian-Sheng Hua, +, T-
CSVT Apr 04 498-507
Indexing
content-based movie analysis and indexing based on audiovisual cues. Li, Y., +, T-
CSVT Aug 04 1073-1085
Inference mechanisms
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
Information analysis; cf.Classification; Indexing
Information networks; cf. Internet
Information retrieval
MPEG-7 spectral basis representations, audio class. Hyoung-Gook Kim, +, T-CSVT
May 04 716-725
nonrigid shapes, single closed contour, multiscale representation method. Adamek,
T.,+ ,T-CSVT May 04 742-753
Information science; cf. Information retrieval
Information theory; cf. Decoding; Entropy; Rate distortion theory
Infrared imaging
palm-dorsa vein patterns, biometric verification, thermal images. Chih-Lung Lin, +,
T-CSVT Feb 04 199-213
Integer programming
optim.-based automated home video editing syst. Xian-Sheng Hua, +, T-CSVT May
04 572583
Interactive systems
audio and video analysis for multimedia interactive services (specia issue). T-CSVT
May 04 569-753
audio and video analysis for multimedia interactive services (special issue intro.).
Izquierdo, E., + , T-CSVT May 04 569-571
haptics, immersive telecomm. environments, role. Reiner, M., -CSVT Mar 04 392-
401
image retrieval, query feedback. Kushki, A., +, T-CSVT May 04 644-655
M PEG-4 animation framework eXtension, introduction. Bourges-Sevenier, M., + , T-
CSVT Jul 04 928936
progressive view -dependent technique for interactive 3-D mesh transmission. Yang,
S, + , T-CSVT Nov 04 1249-1264
video segm. appl. scenarios, class. Correia, P.L., + , T-CSVT May 04 735-741
Interactive systems; cf. Virtual reality
Interactive TV
navig., optimal content-based video decomp. Doulamis, A.D., +, T-CSVT Jun 04
757-775
video-based rendering technol., MPEG, 3DAV exploration. Smolic, A., +, T-CSVT
Mar 04 348-356
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Interference (signal); cf.Crosstalk
Interference suppression
directional filter bank-based fingerprint feature extr. and matching. Chul-Hyun Park,
+,T-CSVT Jan 04 74-85
Internet
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
TCP-friendly Internet video, smooth and fast rate adaptation and net-aware error
control. Young-Gook Kim, + , T-CSVT Feb 04 256-268
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
video transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun
04 887891
Interpolation
combining shape prior and stat. features for act. contour segm. Gastaud, M., + , T-
CSVT May 04 726-734
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
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MPEG-4 animation, interpolator data compress. Jang, E.S,, +, T-CSVT Jul 04 989-
1008
virtual character, MPEG-4 animation framework eXtension. Preda, M., +, T-CSVT
Jul 04 975-988
1SO standards
segmentation of the face and handsin sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
Iterative methods
face recogn., global and local textures, Bayesian shape locali zation. Shuicheng Yan,
+,T-CSVT Jan 04 102-113
iterative error detection and correction of H.263 coded video for wireless networks.
Khan, E., + , T-CSVT Dec 04 1294-1307
matching pursuit and appl., motion-compensated video coding, dictionary design.
Schmid-Saugeon, P., + , T-CSVT Jun 04 880-886
real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621

K

Kalman filtering
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Knowledge based systems
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
Knowledge engineering; cf. Inference mechanisms
Knowledge representation; cf. Semantic networks

L earning control systems
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
L earning systems
images, robust multipose face detect. Rong Xiao, + , T-CSVT Jan 04 31-41
interactive content-based retrieval and organization, gen. nonlin. relevance feedback.
Doulamis, A.D., + , T-CSVT May 04 656-671
interactiveimage retrieval, query feedback. Kushki, A., + , T-CSVT May 04 644-655
L east mean squar e methods
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Lighting
combining a fuzzy rule-based classifier and illum. invariance for improved building
detection. Zeljkovic, V., + , T-CSVT Nov 04 1277-1280
Linear algebra; cf.Vectors
Liquid crystal devices; cf.Liquid crystal displays
Liquid crystal displays
smart goggle appls., CMOS/LCOS image transceiver chip. Efron, U., +, T-CSVT
Feb 04 269-273
Liquid crystals
smart goggle appls., CMOS/LCOS image transceiver chip. Efron, U., +, TFCSVT
Feb 04 269273
Liquids; cf.Liquid crystals

Machine vision
early detect. of downing incidents, swimming pools, vision-based approach.
Wenmiao Lu, + , T-CSVT Feb 04 159-178
future of immersive media, 3D image proc. Isgro, F., +, T-CSVT Mar 04 288-303
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
quantifying/recognizing human movement patterns from monocular video images-
part|. Green, RD., +, T-CSVT Feb 04 179-190
M anagement; cf. Content management
Markov processes
low-delay video streaming, error-prone channels, adaptive media playout. Kalman,
M., + , T-CSVT Jun 04 841-851
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
Markov processes; cf.Hidden Markov models
Mathematical analysis; cf. Approximation theory
Mathematical programming; cf. Dynamic programming; Nonlinear programming
M athematics; cf. Probability; Statistics
Matrices
DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521
nonrigid shapes, single closed contour, multiscale representation method. Adamek,
T.,+ ,T-CSVT May 04 742-753
Matrix algebra; cf. Covariance matrices
Maximum entropy methods
Bayesian classifiers, biometric recogn., covariance estim. Thomaz, C.E., +, T-CSVT
Feb 04 214223

+ Check author entry for coauthors

IEEET-CSVT 2004 INDEX — 11

Maximum likelihood detection
MPEG-7 spectral basis representations, audio class. Hyoung-Gook Kim, +, T-CSVT
May 04 716-725
Maximum likelihood estimation
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
M easurement; cf. Distortion measurement
Memory ar chitecture; cf. Parallel memories
Merging
efficient recursive shortest spanning tree algm., linking props. Sai Ho Kwok, +, T-
CSVT Jun 04 852-863
M esh generation
progressive view -dependent technique for interactive 3-D mesh transmission. Yang,
S, + , T-CSVT Nov 04 1249-1264
Minimization methods
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
wavelet video coding, depend. optim. Lin, K.K., + , T-CSVT Apr 04 542-553

Mobile communication
channel-adaptive resource allocation for scalable video transmission over 3G
wireless network. Zhang, Q., + , T-CSVT Aug 04 1049-1063
iterative error detection and correction of H.263 coded video for wireless networks.
Khan, E., + , T-CSVT Dec 04 1294-1307
M obile communication; cf.3G mobile communication
MOSintegrated circuits; cf. CMOS integrated circuits
Motion analysis
compensation assisted motion adaptive interlaced-to-progressive conversion.
Seungjoon Yang, + , T-CSVT Sep 04 1138-1148
fast binary motion estim. algm. for MPEG-4 shape coding. Tsung-Han Tsai, +, T-
CSVT Jun 04 908913
fast block motion estim., enhanced hexagonal search. Ce Zhu, +, T-CSVT Oct 04
1210-1214
global elimination algm. and archit. design for fast block matching motion estim. Yu-
Wen Huang, + , T-CSVT Jun 04 898-907
hierarchical N-Queen decimation lattice and hardware archit. for motion estim.
Chung-Neng Wang, + , T-CSVT Apr 04 429-440
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
multiplicationless Burt and Adelson's pyramids. Jinwen Zan, + , T-CSVT Jan 04 136-
141
multi-resoln. block matching algm. and VLS| archit. for fast motion estim., MPEG-2
video encoder. Byung Cheol Song, + , T-CSVT Sep 04 1119-1137
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
video scene segm., spatial contours and 3D robust motion estim. Papadimitriou, T.,
+, T-CSVT Apr 04 485-497
M otion compensation
assisted motion adaptive interlaced-to-progressive conversion. Seungjoon Yang, +,
T-CSVT Sep 04 1138-1148
bidirectional MC-EZBC, lifting implement. Peisong Chen, +, T-CSVT Oct 04 1183-
1194
estim., multiplicationless Burt and Adelson's pyramids. Jinwen Zan, +, T-CSVT Jan
04 136-141
matching pursuit and appl., motion-compensated video coding, dictionary design.
Schmid-Saugeon, P., + , T-CSVT Jun 04 880-886
Motion control
segmentation of the face and hands in sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
Motion estimation
fast full-search motion est. based on multilevel successive elimination algorithm.
Ahn, T.G., + , T-CSVT Nov 04 1265-1269
motion estimation using spatiotemporal contextual information. Namuduri, K.R., T-
CSVT Aug 04 1111-1115
Motion pictures
archived film segs., nonlin. model, flicker correction. Vlachos, T., FCSVT Apr 04
508-516
Multidimensional digital filters
DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521
Multimedia communication
3D QoS, MPEG-4 visual texture coding, view-depend., scalable texture streaming.
Lafruit, G., + , T-CSVT Jul 04 1021-1031
accurate and quasiautomatic lip tracking. Eveno, N., + , T-CSVT May 04 706-715
audio and video analysis for mu Itimedia interactive services (special issue). T-CSVT
May 04 569-753
audio and video analysis for multimedia interactive services (specia issue intro.).
Izquierdo, E., + , T-CSVT May 04 569-571
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441-449
MPEG-4's animation framework extension (special issue). T-CSVT Jul 04 925-1045
MPEG-4's animation framework extension (special issue intro.). Shepard, K.L., F
CSVT Jul 04 925927
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Multimedia computing; cf. Multimedia databases
Multimedia databases
optimal watermark detection under quantization in the transform domain. Briassouli,
A, + ,T-CSVT Dec 04 1308-1319
Multimedia systems
interactiveimage retrieval, query feedback. Kushki, A., + , T-CSVT May 04 644-655
MPEG-4 animation framework eXtension, introduction. Bourges-Sevenier, M., + , T-
CSVT Jul 04 928936
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
virtual character, MPEG-4 animation framework eXtension. Preda, M., +, T-CSVT
Jul 04 975-988
Multimedia systems; cf. Multimediacommunication
Multiplex transmission
algorithms for multiplex scheduling of object-based audio-visual presentations.
Kalva, H.,+ , T-CSVT Dec 04 1283-1293

Music
optim.-based automated home video editing syst. Xian-Sheng Hua, +, T-CSVT May
04572583
N
Noise

colored objs., video, robust segm. and tracking. Gevers, T., T-CSVT Jun 04 776-781
robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874879
Noisg; cf. Random noise
Nonlinear programming
optim.-based automated home video editing syst. Xian-Sheng Hua, +, T-CSVT May
04 572583
Nonlinear systems; cf. Bilinear systems
Numerical analysis; cf. Approximation theory; Error analysis; Extrapolation; Functional
analysis; Interpolation; lterative methods

Object detection
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
images, robust multipose face detect. Rong Xiao, + , T-CSVT Jan 04 31-41
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
Object-oriented databases
algorithms for multiplex scheduling of object-based audio-visual presentations.
Kalva, H., + , T-CSVT Dec 04 1283-1293
Open systems
virtual character, MPEG-4 animation framework eXtension. Preda, M., +, T-CSVT
Jul 04 975-988
Operating system kernels
region-based image retrieval, relevance feedback. Feng Jing, +, T-CSVT May 04
672-681
Oper ating systems (computers); cf. Operating system kernels
Operationsresear ch; cf. Scheduling
Optical properties; cf.Color
Optical resolving power ; cf.Image resolution
Optical tracking
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
Optimization; cf. Genetic algorithms
Optimization methods
3D QoS, MPEG-4 visual texture coding, view-depend., scalable texture streaming.
Lafruit, G., + , T-CSVT Jul 04 1021-1031
MPEG-2 coded video, optimal data partitioning. Eleftheriadis, A., + , T-CSVT Oct 04
1195-1209
multimodal biometrics and classifiers fusion, reduced multivariate polynomial
model. Toh, K.-A., + , T-CSVT Feb 04 224-233

Parallel architectures; cf. Systolic arrays
Parallel memories
byte and modulo addressable parallel memory architecture for video coding.
Tanskanen, J.K., + , T-CSVT Nov 04.1270-1276
Parameter estimation
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
Parameter estimation; cf. Maximum likelihood estimation

+ Check author entry for coauthors

Pattern classification
MPEG-7 spectral basis representations, audio class. Hyoung-Gook Kim, +, T-CSVT
May 04 716-725
multimodal biometrics and classifiers fusion, reduced multivariate polynomial
model. Toh, K-A., + , T-CSVT Feb 04 224-233
visual speech elements, adaptively boosted HMM, recogn. Say Wei Foo, +, T-CSVT
May 04 693-705
Pattern classification; cf . Image classification
Patter n matching; cf. Image matching
Pattern recognition
palm-dorsa vein patterns, biometric verification, thermal images. Chih-Lung Lin, +,
T-CSVT Feb 04 199-213
Pattern recognition; cf. Feature extraction; Image recognition; Object detection; Pattern
classification; Speech recognition
Photoconducting devices; cf. Photodiodes
Photodiodes
smart goggle appls.,, CMOS/LCOS image transceiver chip. Efron, U., +, T-CSVT
Feb 04 269-273
Pipeline processing
MPEG-4, solid representation. Mignat, A., + , T-CSVT Jul 04 967-974
real-time dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D
video. Matsuyama, T., + , T-CSVT Mar 04 357-369
Poles and zeros
wavelet-based sprite codec. Dasu, A.R., + , T-CSVT Feb 04 244-255
Polynomials
multimodal biometrics and classifiers fusion, reduced multivariate polynomial
model. Toh, K-A., + , T-CSVT Feb 04 224-233
Prediction methods
enhanced 2-stage multiple description video coder, drift reduction. Yen-Chi Lee, +,
T-CSVT Jan 04 122-127
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Probability
likelihood-ratio-based biometric verification. Bazen, AM., + , T-CSVT Jan 04 86-94
probabilistic multiple face detect. and tracking, entropy measures. Loutas, E., +, T-
CSVT Jan 04 128-135
visual speech elements, adaptively boosted HMM, recogn. Say Wei Foo, +, T-CSVT
May 04 693-705
Project engineering; cf. Scheduling
Proportional control
robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182
Protocols
M PEG-4's animation framework extension (special issue). T-CSVT Jul 04 925-1045
MPEG-4's animation framework extension (special issue intro.). Shepard, K.L., F
CSVT Jul 04 925927
video text detect. algms., automatic perform. eval. protocol. Xian-Sheng Hua, +, T-
CSVT Apr 04 498-507
Protocols; cf. Transport protocols

Q

Quantization
block-coded images, overcomplete wavelet representation, blocking artifacts
suppression. Liew, A.W:C., + , T-CSVT Apr 04 450-461
enhanced 2-stage multiple description video coder, drift reduction. Yen-Chi Lee, +,
T-CSVT Jan 04 122-127
low-delay video communs., modified TMN8 rate control. Jyi-Chang Tsai, +, T-
CSVT Jun 04 864-868
Quantization (signal); cf.Vector quantization

Radio equipment; cf. Transceivers
Randomized algorithms; cf. Genetic algorithms
Random noise
directional filter bank-based fingerprint feature extr. and matching. Chul-Hyun Park,
+, T-CSVT Jan 04 74-85
Ratedistortion theory
M PEG-2 coded video, optimal data partitioning. Eleftheriadis, A., + , T-CSVT Oct 04
1195-1209
M PEG-4 shape coding, lin. rate-distortion models. Zhenzhong Chen, +, T-CSVT Jun
04 869873
Rayleigh channels
JPEG2000 bitstream, efficient channel protection. Sanchez, V., +, TFCSVT Apr 04
554-558
Real time systems
compress-domain spatiotemporal segm. and ontologies for video indexing and
retrieval. Mezaris, V., + , T-CSVT May 04 606-621
dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D video.
Matsuyama, T., + , T-CSVT Mar 04 357-369
fast binary motion estim. algm. for MPEG-4 shape coding. Tsung-Han Tsai, +, T-
CSVT Jun 04 908913
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hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
low-delay video communs., modified TMN8 rate control. Jyi-Chang Tsai, +, T-
CSVT Jun 04 864-868
real-time chip implementation for adaptive video coding control. Hsia, S-C., +, T-
CSVT Aug 04 1098-1104
real-time error protection of embedded codes for packet erasure and fading channels.
Sankovic, V.M., + , T-CSVT Aug 04 1064-1072
selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
video segm. appl. scenarios, class. Correia, P.L., + , T-CSVT May 04 735-741
Receivers; cf. Transceivers
Recording; cf. Video recording
Reliability
fingerprint images, fast fingerprint verification, subregions. Chan, K.C., +, T-CSVT
Jan 04 95-101
Rendering (computer graphics)
3D capturing of live action and immersive actor feedback, combined studio prod.
syst. Grau, O., + , T-CSVT Mar 04 370-380
immersive telepresence, stereo-based environ. scanning. Mulligan, J., +, T-CSVT
Mar 04 304-320
M PEG-4, solid representation. Mignot, A., + , T-CSVT Jul 04 967-974
static and animated 3D objs., depth image-based representation and compress.
Levkovich-Maslyuk, L., +, T-CSVT Jul 04 1032-1045
video-based rendering technol., MPEG, 3DAV exploration. Smolic, A., + , T-CSVT
Mar 04 348-356
Resour ce management
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
Robust control
real-time error protection of embedded codes for packet erasure and fading channels.
Stankovic, V.M., + , T-CSVT Aug 04 1064-1072
Robustness
robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182
Run length codes
DCT blocks, optimal Huffman coding. Lakhani, G., T-CSVT Apr 04 522527

Sampling methods; cf. Signal sampling
Scheduling
algorithms for multiplex scheduling of object-based audio-visual presentations.
Kalva, H., + , T-CSVT Dec 04 1283-1293
Search methods
fast block motion estim., enhanced hexagonal search. Ce Zhu, +, T-CSVT Oct 04
1210-1214
Security; cf. Access control
Security of data; cf. Authorization; Cryptography
Semantic networks
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
Semiconductor diodes; cf. Photodiodes
Sensitivity
multimodal biometrics and classifiers fusion, reduced multivariate polynomial
model. Toh, K-A., + , T-CSVT Feb 04 224-233
Set theory; cf.Group theory
Signal classification; cf.lmage classification
Signal detection; cf. Maximum likelihood detection
Signal processing; cf. Acoustic signal processing; Adaptive signal processing; Audio
signal processing; Convolution; Data compression; Image processing; Signal
sampling; Video signal processing
Signal reconstruction; cf.lmage reconstruction
Signal resolution; cf.Image resolution
Signal restoration; cf.Image restoration
Signal sampling
hierarchical N-Queen decimation lattice and hardware archit. for motion estim.
Chung-Neng Wang, + , T-CSVT Apr 04 429-440
Signal sampling; cf.lmage sampling
Skin
segmentation of the face and hands in sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
Sour ce coding
enhanced 2-stage multiple description video coder, drift reduction. Yen-Chi Lee, +,
T-CSVT Jan 04 122-127
Spatial variables control; cf.Motion control
Spatiotemporal phenomena
motion estimation using spatiotemporal contextual information. Namuduri, K.R., T-
CSVT Aug 04 1111-1115
Speaker recognition
biometric recogn., introduction. Jain, AK., + , T-CSVT Jan 04 4-20
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Special issues and sections
audio and video analysis for multimedia interactive services (specia issue). T-CSVT
May 04 569-753
audio and video analysis for multimedia interactive services (special issue intro.).
Izquierdo, E., + , T-CSVT May 04 569-571
image- and video-based biometrics (special section). T-CSVT Jan 04 1-113
image- and video-based biometrics (special section. T-CSVT Feb 04 146-243
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Jan 04 1-3
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Feb 04 146-148
immersive telecommunications (special issue). T-CSVT Mar 04 285-401
immersive telecommunications (special issue intro.). Schreer, O., +, T-CSVT Mar
04 285-287
M PEG-4's animation framework extension (special issue). T-CSVT Jul 04 925-1045
MPEG-4's animation framework extension (special issue intro.). Shepard, K.L., F
CSVT Jul 04 925927
Spectral analysis
MPEG-7 spectral basis representations, audio class. Hyoung-Gook Kim, +, T-CSVT
May 04 716-725
Speech processing
speech-to-video synthesis, MPEG-4 compliant visual features. Aleksic, P.S, +, T-
CSVT May 04 682-692

Speech recognition
event detect., video, rejection-based method. Osadchy, M., +, T-CSVT Apr 04 534-
541
speech-to-video synthesis, MPEG-4 compliant visual features. Aleksic, P.S, +, T
CSVT May 04 682-692
visual speech elements, adaptively boosted HMM, recogn. Say Wei Foo, +, T-CSVT
May 04 693-705
Speech recognition; cf. Speaker recognition
Speech synthesis
speech-to-video synthesis, MPEG-4 compliant visual features. Aleksic, P.S, +, T
CSVT May 04 682-692
Stability; cf. Robust control
Standards
algorithms for multiplex scheduling of object-based audio-visual presentations.
Kalva, H., + , T-CSVT Dec 04 1283-1293
iterative error detection and correction of H.263 coded video for wireless networks.
Khan, E., + , T-CSVT Dec 04 1294-1307
segmentation of the face and handsin sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
Standards; cf.|1SO standards
Statistical analysis; cf. Maximum likelihood estimation
Statistics
combining shape prior and stat. features for act. contour segm. Gastaud, M., + , T-
CSVT May 04 726-734
irisrecogn. works. Daugman, J., T-CSVT Jan 04 21-30
robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182
Stereo image processing
immersive telecommunications (special issue). T-CSVT Mar 04 285-401
immersive telecommunications (specia issue intro.). Schreer, O., +, T-CSVT Mar
04 285-287
Stereo vision
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
immersive telepresence, stereo-based ewiron. scanning. Mulligan, J., +, T-CSVT
Mar 04 304-320
perceptual evals. and requirements of 3D TV, survey. Meesters, L.M.J., +, T-CSVT
Mar 04 381-391
selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
video-based rendering technol., MPEG, 3DAV exploration. Smolic, A., + , T-CSVT
Mar 04 348-356
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
Stochastic processes; cf. Gaussian processes; Markov processes
Storage allocation
byte and modulo addressable parallel memory architecture for video coding.
Tanskanen, J.K., + , T-CSVT Nov 04.1270-1276
Subroutines
algorithms for multiplex scheduling of object-based audio-visual presentations.
Kalva, H., + , T-CSVT Dec 04 1283-1293
fast full-search motion est. based on multilevel successive elimination algorithm.
Ahn, T.G., + , T-CSVT Nov 04 1265-1269
Systolicarrays
novel VLSI architecture for multidimensional discrete wavelet transform. Dai, Q.,
+,T-CSVT Aug 04 1105-1110
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Telecommunication
immersive telecommunications (special issue). T-CSVT Mar 04 285401
immersive telecommunications (special issue intro.). Schreer, O., +, T-CSVT Mar
04 285-287
Telecommunication; cf. Automatic repeat request; Digital communication; Mobile
communication; Multimediacommunication
Telecommunication channels; cf. Fading channels; Rayleigh channels
Telecommunication equipment; cf. Codecs
Telecommunication services; cf. Teleconferencing; Television
Teleconferencing
future of immersive media, 3D image proc. Isgro, F., +, T-CSVT Mar 04 288-303
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
immersive telecommunications (special issue). T-CSVT Mar 04 285401
immersive telecommunications (special issue intro.). Schreer, O., +, T-CSVT Mar
04 285-287
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
video conferencing, 3D phys. motion-based bandwidth predict. Jiong Sun, +, T
CSVT May 04 584-594
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
Television
immersive telecommunications (special issue). T-CSVT Mar 04 285401
immersive telecommunications @pecia issue intro.). Schreer, O., +, T-CSVT Mar
04 285-287
Television broadcasting; cf.Digital video broadcasting
Thermodynamic properties; cf. Entropy
Third generation; cf. 3G
Three-dimensional displays
progressive view -dependent technique for interactive 3-D mesh transmission. Yang,
S, + , T-CSVT Nov 04 1249-1264
Tracking
colored objs., video, robust segm. and tracking. Gevers, T., T-CSVT Jun 04 776-781
Tracking; cf.Optical tracking
Traffic control (communication)
TCP-friendly Internet video, smooth and fast rate adaptation and net.-aware error
control. Young-Gook Kim, + , T-CSVT Feb 04 256-268
Transceivers
smart goggle appls., CMOS/LCOS image transceiver chip. Efron, U., +, TTCSVT
Feb 04 269273
Transform coding
corrupted DCT coded images, ref. inform., recovery. Bingabr, M., +, T-CSVT Apr
04 441-449
DCT blocks, optimal Huffman coding. Lakhani, G., T-CSVT Apr 04 522527
DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521
fast content access, MPEG compress. videos, video extr. Jianmin Jiang, +, T-CSVT
May 04 595-605
global elimination algm. and archit. design for fast block matching motion estim. Yu-
Wen Huang, + , T-CSVT Jun 04 898-907
image resizing filter, block-DCT domain, design and anal. YoungSeo Park, +, T-
CSVT Feb 04 274-279
irisrecogn. works. Daugman, J., T-CSVT Jan 04 21-30
joint optimal obj. shape estim. and encoding. Kondi, L.P., +, T-CSVT Apr 04 528-
533
MESHGRID, compact, multiscalable and animation-friendly surface representation.
Salomig, |.A., + , T-CSVT Jul 04 950-966
reduction of color bleeding, DCT-coded images, adaptive postprocessing tech.
Coudoux, F-X., +, T-CSVT Jan 04 114-121
wavel et-based sprite codec. Dasu, A.R., + , T-CSVT Feb 04 244-255
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Transforms; cf. Wavelet transforms
Transmitters; cf. Transceivers
Transport protocols
TCP-friendly Internet video, smooth and fast rate adaptation and net.-aware error
control. Young-Gook Kim, + , T-CSVT Feb 04 256-268
Treedatastructures
interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-
CSVT Jun 04 757-775
Trees(graphs)
efficient recursive shortest spanning tree algm., linking props. Sai Ho Kwok, +, T-
CSVT Jun 04 852-863
global elimination algm. and archit. design for fast block matching motion estim. Yu-
Wen Huang, + , T-CSVT Jun 04 898-907
wavelet video coding, depend. optim. Lin, K.K., + , T-CSVT Apr 04 542-553

\%
Vector quantization

matching pursuit and appl., motion-compensated video coding, dictionary design.
Schmid-Saugeon, P., + , T-CSVT Jun 04 880-886

+ Check author entry for coauthors

Vectors
MESHGRID, compact, multiscalable and animation-friendly surface representation.
Salomie, I.A., + , T-CSVT Jul 04 950-966
Verylarge-scaleintegration
2D DCT and inverse, cost-effective VLS| implement. Danian Gong, + , T-CSVT Apr
04 405415
DCT-domain separable symmetric 2D lin. filtering, efficient method. Changhoon
Yim, T-CSVT Apr 04 517521
global elimination algm. and archit. design for fast block matching motion estim. Yu-
Wen Huang, + , T-CSVT Jun 04 898-907
multi-resoln. block matching algm. and VLSI archit. for fast motion estim., MPEG-2
video encoder. Byung Cheol Song, + , T-CSVT Sep 04 1119-1137
Video cameras
early detect. of drowning incidents, swimming pools, vision-based approach.
Wenmiao Lu, + , T-CSVT Feb 04 159-178
Video codecs
DCT blocks, optimal Huffman coding. Lakhani, G., T-CSVT Apr 04 522527
iterative error detection and correction of H.263 coded video for wireless networks.
Khan, E., + , T-CSVT Dec 04 1294-1307
low-delay video communs., modified TMN8 rate control. Jyi-Chang Tsai, +, T
CSVT Jun 04 864-868
wavelet-based sprite codec. Dasu, A.R., + , T-CSVT Feb 04 244-255
Video coding
2D DCT and inverse, cost-effective VLS| implement. Danian Gong, + , T-CSVT Apr
04 405415
bidirectional MC-EZBC, lifting implement. Peisong Chen, +, T-CSVT Oct 04 1183-
1194
byte and modulo addressable parallel memory architecture for video coding.
Tanskanen, J.K., + , T-CSVT Nov 04.1270-1276
colored objs., video, robust segm. and tracking. Gevers, T., T-CSVT Jun 04 776-781
content-based appls., automatic moving obj. extr. Haifeng Xu, +, T-CSVT Jun 04
796-812
DCT blocks, optimal Huffman coding. Lakhani, G., T-CSVT Apr 04 522527
efficient 2D DCT/IDCT core design, cyclic convolution and adder-based realization.
Jiun-In Guo, + , T-CSVT Apr 04 416-428
efficient recursive shortest spanning tree algm., linking props. Sai Ho Kwok, +, T-
CSVT Jun 04 852-863
encoder-decoder texture replacement method, appl., content-based movie coding.
Dumitras, A., + , T-CSVT Jun 04 825-840
enhanced 2-stage multiple description video coder, drift reduction. Yen-Chi Lee, +,
T-CSVT Jan 04 122-127
fast binary motion estim. algm. for MPEG-4 shape coding. Tsung-Han Tsai, +, T-

CSVT Jun 04 908913

fast block motion estim., enhanced hexagonal search. Ce Zhu, +, T-CSVT Oct 04
12101214

fast content access, MPEG compress. videos, video extr. Jianmin Jiang, +, T-CSVT
May 04 595-605

fast full-search motion est. based on multilevel successive elimination algorithm.
Ahn, T.G., + , T-CSVT Nov 04 1265-1269

global elimination algm. and archit. design for fast block matching motion estim. Yu-
Wen Huang, + , T-CSVT Jun 04 898-907

hierarchical N-Queen decimation lattice and hardware archit. for motion estim.
Chung-Neng Wang, + , T-CSVT Apr 04 429-440

interactive video navig., optimal content-based video decomp. Doulamis, A.D., + , T-

CSVT Jun 04 757-775

joint optimal obj. shape estim. and encoding. Kondi, L.P., +, T-CSVT Apr 04 528-
533

low-delay video communs., modified TMN8 rate control. Jyi-Chang Tsai, +, T-
CSVT Jun 04 864-868

matching pursuit and appl., motion-compensated video coding, dictionary design.
Schmid-Saugeon, P., + , T-CSVT Jun 04 880-886

M PEG-2 coded video, optimal data partitioning. Eleftheriadis, A., + , T-CSVT Oct 04
1195-1209

MPEG-4 shape coding, lin. rate-distortion models. Zhenzhong Chen, +, T-CSVT Jun
04 869873

multi-resoln. block matching algm. and VLSI archit. for fast motion estim., MPEG-2
video encoder. Byung Cheol Song, + , T-CSVT Sep 04 1119-1137

obj. segm., compress. domain approach. Babu, R.\V., + , T-CSVT Apr 04 462-474

perceptual evals. and requirements of 3D TV, survey. Meesters, L.M.J., +, T-CSVT
Mar 04 381-391

real-time chip implementation for adaptive video coding control. Hsia, S-C., +, T-
CSVT Aug 04 1098-1104

real-time compress-domain spatiotemporal segm. and ontologies for video indexing
and retrieval. Mezaris, V., + , T-CSVT May 04 606-621

real-time shot change detect., online MPEG-2 video. Bescos, J., T-CSVT Apr 04 475-
484

robust and adaptive rate control algm. for obj-based video coding. Yu Sun, +, T-
CSVT Oct 04 1167-1182

robust commun. of MPEG-4 video, mode-based error-resilient techs. Bo Yan, +, T-
CSVT Jun 04 874-879

scalable variable complexity approximate forward DCT. Lengwehasatit, K., +, T
CSVT Nov 04 1236-1248

selective-quality video communs., real-time obj. segm. and coding. Challapali, K.,
+,T-CSVT Jun 04 813-824
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spatially transitional regions, visual distortion assess., emphasis. EePing Ong, +, T-
CSVT Apr 04 559-566
TCP-friendly Internet video, smooth and fast rate adaptation and net-aware error
control. Young-Gook Kim, + , T-CSVT Feb 04 256-268
transcoding, efficient arbitrary downsizing algm. Haiyan Shu, +, T-CSVT Jun 04
887-891
video-based rendering technol., MPEG, 3DAV exploration. Smolic, A., + , T-CSVT
Mar 04 348-356
wavelet-based sprite codec. Dasu, A.R., + , T-CSVT Feb 04 244-255
wavelet video coding, depend. optim. Lin, K.K., + , T-CSVT Apr 04 542-553
Video equipment; cf.Video cameras; Video codecs
Video processing
image- and video-based biometrics (special section). T-CSVT Jan 04 1-113
image- and video-based biometrics (special section intro.). Xiaoou Tang, +, T-CSVT
Jan 04 1-3
Video recording
real-time dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D
video. Matsuyama, T., + , T-CSVT Mar 04 357-369
Video signal processing
3D capturing of live action and immersive actor feedback, combined studio prod.
syst. Grau, O, +, T-CSVT Mar 04 370-380
accurate and quasiautomatic lip tracking. Eveno, N., + , T-CSVT May 04 706-715
bandwidth expansion, image scrambling. Van De Ville, D., +, T-CSVT Jun 04 892-
897
channel-adaptive resource alocation for scalable video transmission over 3G
wireless network. Zhang, Q., + , T-CSVT Aug 04 1049-1063
combining shape prior and stat. features for act. contour segm. Gastaud, M., + , T-
CSVT May 04 726-734
compress. fingerprint videos, dyn. behavior anal. Dorai, C., +, T-CSVT Jan 04 58-
73
content-based movie analysis and indexing based on audiovisual cues. Li, Y., +, T-
CSVT Aug 04 1073-1085
event detect., video, rejection-based method. Osadchy, M., +, T-CSVT Apr 04 534-
541
future of immersive media, 3D image proc. Isgro, F., +, T-CSVT Mar 04 288-303
hybrid recursive matching for real-time immersive video conferencing, stereo anal.
Atzpadin, N., + , T-CSVT Mar 04 321-334
image- and video-based biometrics (special section. T-CSVT Feb 04 146-243
image- and video-based biometrics (special sectionintro.). Xiaoou Tang, +, T-CSVT
Feb 04 146-148
immersive telepresence, stereo-based environ. scanning. Mulligan, J., +, T-CSVT
Mar 04 304-320
model-based global and local motion estim. for videoconference segs. Calvagno, G.,
+,T-CSVT Sep 04 1156-1161
motion estim., multiplicationless Burt and Adelson's pyramids. Jinwen Zan, +, T-
CSVT Jan 04 136-141
obj. segm., Bayes-based temporal tracking and trajectory-based region merging.
Mezaris, V., + , T-CSVT Jun 04 782-795
optim.-based automated home video editing syst. Xian-Sheng Hua, +, T-CSVT May
04 572583
quantifying/recognizing human movement patterns from monocular video images-
partl. Green, R.D., +, T-CSVT Feb 04 179-190
quantifying/recognizing human movement patterns from monocular video images-
partll. Green,RD., + , T-CSVT Feb 04 191-198
real-time dyn. 3D obj. shape reconstruction and high-fidelity texture mapping for 3D
video. Matsuyama, T., + , T-CSVT Mar 04 357-369
rule-based video annotation syst. Dorado, A., + , T-CSVT May 04 622-633
scene segm., spatial contours and 3D robust motion estim. Papadimitriou, T., +, T-
CSVT Apr 04 485-497
segm. appl. scenarios, class. Correia, P.L., + , T-CSVT May 04 735-741
segmentation of the face and hands in sign language video sequences using color and
nmotion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
soccer audio-visual segs., semantic indexing. Leonardi, R., +, T-CSVT May 04 634-
643
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speech-to-video synthesis, MPEG-4 compliant visual features. Aleksic, P.S, +, T-
CSVT May 04 682-692
text detect. algms., automatic perform. eval. protocol. Xian-Sheng Hua, +, T-CSVT
Apr 04 498-507
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, T-CSVT
Mar 04 335-347
visual speech elements, adaptively boosted HMM, recogn. Say Wei Foo, +, T-CSVT
May 04 693-705
Video signal processing; cf.Video coding
Video signals; cf.Video signal processing
Virtual reality
3D capturing of live action and immersive actor feedback, combined studio prod.
syst. Grau, O., + , T-CSVT Mar 04 370-380
haptics, immersive telecomm. environments, role. Reiner, M., T-CSVT Mar 04 392-
401
immersive telepresence, stereo-based environ. scanning. Mulligan, J., +, T-CSVT
Mar 04 304-320
videoconferencing, efficient image-based telepresence syst. Lei, B.J., +, FCSVT
Mar 04 335-347
Vision; cf. Color vision
Visualization
nonrigid shapes, single closed contour, multiscale representation method. Adamek,
T.,+ ,T-CSVT May 04 742-753
wavelet-encoded meshes for view-depend. transm. and visualization, real-time
reconstruction. Gioia, P., + , T-CSVT Jul 04 1009-1020
Visual languages
segmentation of the face and hands in sign language video sequences using color and
motion cues. Habili, N., + , T-CSVT Aug 04 1086-1097
Visual system
fast content access, MPEG compress. videos, video extr. Jianmin Jiang, +, T-CSVT
May 04 595605
spatialy transitional regions, visual distortion assess., emphasis. EePing Ong, +, T-
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Optimal Watermark Detection Under Quantization
in the Transform Domain

Alexia Briassouli and Michael G. Strintzis, Fellow, IEEE

Abstract—The widespread use of digital multimedia data has
increased the need for effective means of copyright protection.
Watermarking has attracted much attention, as it allows the em-
bedding of a signature in a digital document in an imperceptible
manner. In practice, watermarking is subject to various attacks,
intentional or unintentional, which degrade the embedded infor-
mation, rendering it more difficult to detect. A very common, but
not malicious, attack is quantization, which is unavoidable for
the compression and transmission of digital data. The effect of
quantization attacks on the nearly optimal Cauchy watermark
detector is examined in this paper. The quantization effects on
this detection scheme are examined theoretically, by treating the
watermark as a dither signal. The theory of dithered quantizers is
used in order to correctly analyze the effect of quantization attacks
on the Cauchy watermark detector. The theoretical results are
verified by experiments that demonstrate the quantization effects
on the detection and error probabilities of the Cauchy detection
scheme.

Index Terms—Cauchy detector, dither theory, quantization at-
tacks, watermarking.

I. INTRODUCTION

HE advances in multimedia processing allow text, audio,

image, and video data to be represented, stored and dis-
tributed in digital format. However, the facility with which dig-
ital information can be reproduced at a high quality has led to
numerous violations of copyright laws and intellectual property
rights. This issue has attracted great attention, leading to the de-
velopment of various copyright protection systems. A method
that has gained considerable popularity is the watermarking of
data. Watermarking is essentially the embedding of information
directly into the data to be protected, which in turn serves as a
host or a cover for that information. There exists both visible
and invisible watermarks, depending on the intended use of the
digital data. The former are usually used in preview images in
the World Wide Web or in image data bases to prevent their
commercial use. On the other hand, digital copyright systems
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employ invisible watermarks [1], which are the concern of the
present paper.

The watermark is a digital signal, usually containing in-
formation about the data origin, destination, and owner, or
additional information concerning transaction dates, serial
numbers, etc., which can be useful when tracking illegal use of
digital data [2], [3]. This information is contained in a secret
key, which is known by the legal owner of the watermarked
data. Watermarking is different from other copyright protection
methods, like steganography, as it needs to be robust against
malicious attacks by unauthorized users, who try to remove or
render the digital signature undetectable. To ensure maximum
robustness, the watermark should be resilient against attacks
even if the attacker knows the exact embedding process, but
not the cryptographically secure key. In cryptography, this is
known as Kerkhoff’s Law [3].

Digital data is subject to nonmalicious attacks, such as geo-
metric transformations, analog-to-digital conversion, compres-
sion, and quantization [4]. In addition to these benign attacks,
which are simply caused by the processing and transmission of
the data, many attacks are intentional, and aim at the removal
of the watermark without destroying the host data, to achieve
its illegal use. In this paper, we focus on quantization attacks,
which are unavoidable, since quantization is essential for the
compression and transmission of digital data [4], [5]. Quantiza-
tion partially destroys the watermark, making it more difficult
to detect. Thus, it is of particular interest to study the effects of
quantization on watermarked data and examine the limits of per-
formance of watermark detection schemes under quantization.

The effects of quantization attacks on watermarking schemes
have also been examined in [6] and [7], where the analysis of
the detection robustness was based on the traditionally used cor-
relator. This detector is widely used, although its performance
is optimal only in the case of Gaussian data [8], [9]. In [6], the
data used are discrete cosine transform (DCT) coefficients of
still images, which do not follow a Gaussian but a much more
heavy tailed distribution [10]. In our analysis, we will also con-
sider still image or video DCT coefficients, since watermarks
are often embedded in this domain. These coefficients have
been modeled more accurately with the generalized Gaussian
distribution by Hernandez [9], who also designed an improved
detector based on this model. However, the most important
image (or video) DCT coefficients can be even more accurately
modeled by the symmetric alpha-stable (S«a.S) distribution
[11], [12]. Thus, we have preferred to focus our analysis on a
detector that is based on this statistical model [13].

It must be noted that the Cauchy detector is used and not a
general Sa.S detector, as the Cauchy and Gaussian distributions
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e
' Quantized Output
Input X, Y,=Q(X,)
L
Quantizer

Fig. 1. Additive noise model of a quantizer.

are the only members of the Sa.S family with a closed from ex-
pression. Although the Cauchy detector is not fully optimal for
general Sa.S data, it has proven to be particularly robust, even
when the given data deviates from the strictly Cauchy model.
In particular, in [14] and [15], it is shown that this detector con-
tinues to perform well even with non-Cauchy data, whereas the
performance of the Gaussian detector deteriorates visibly in a
non-Gaussian environment. As a consequence, the Cauchy wa-
termark detector is expected to remain nearly optimal even for
general Sa.S data. The robustness of this detector and the ac-
curacy of the Sa.S data modeling motivated us to examine the
performance of Cauchy watermark detection under quantization
attacks.

The embedding of an additive watermark in the data fol-
lowed by quantization can be considered as a case of dithered
quantization [16]. Dithered quantization is a technique in which
a low-power random or pseudorandom signal is purposefully
added to a host signal prior to quantization. This intentional dis-
tortion leads to a subjectively more pleasing reproduction of the
host signal after quantization and, in some cases, can actually
cause the quantization error to behave in a statistically desirable
way. A watermark and a dither signal do not serve the same pur-
pose, but their effect on the host data is the same. Consequently,
known results for dithered quantization can be used to study wa-
termarking, and especially the robustness of watermark detec-
tion, under quantization.

This paper is organized as follows. Section II presents the
theory of dithered quantizers, which is used in the analysis of
the quantization effects on watermarking. In Section III, spread
spectrum watermarking in the DCT-domain is described. Sec-
tion IV presents the method of statistical watermark detection in
the transform domain. In particular, the nearly optimal Cauchy
detector is presented and its performance under quantization is
analyzed. Section V contains experimental results and, finally,
conclusions are drawn in Section VL.

II. DITHERED QUANTIZATION

A very basic step in lossy digital data compression and
analog-to-digital conversion of data is quantization. The
simplest type of quantizer (Fig. 1) is the uniform quantizer,
which maps the input X,, to a collection of equally spaced
output levels, giving the quantized output (X, ). Despite
the simplicity of the uniform quantizer, it has proven difficult
to analyze theoretically, because of its inherent nonlinearity
[17]. A common misconception is that the quantization error
en = Q(X,) — X, consists of a sequence of independent
identically distributed (i.i.d.) random variables, uncorrelated
with each other and with the input signal. Actually, this approx-
imation, known as the Bennett approximation [18], approaches
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Fig. 3. SD quantizer.

accuracy only when the the number of quantizer levels is very
large, or the quantization step size A is very small. In many
modern applications, this condition is definitely not met. A way
to force the Bennett conditions and, thus, temper the statistical
properties of the error signal, is to use a dither signal, which is
added to the host signal before quantization to “break up” the
pattern of the quantization noise and render the reconstructed
signal perceptually more pleasing. In this way, the output signal
becomes more smooth, leading to a smoother quantization
error. More importantly, the resulting quantization error is
independent of the input signal and consequently becomes
less audible or visible [16]. The addition of a watermark to
digital multimedia data before quantization is very similar to
this procedure [7], so the quantization of watermarked data can
indeed be considered as a case of dithered quantization.

Dithered quantizing systems are shown in Figs. 2 and 3. In
both schemes, the system input is the original signal X,, while
the quantizer input is X,, + W,,. The dither signal W,, is con-
sidered to be a strict-sense stationary random process [17], in-
dependent of X ,,. Fig. 2 represents a nonsubtractively dithered
(NSD) system, while a subtractively dithered (SD) system is
presented in Fig. 3, in which the dither signal is subtracted from
the output of the dithered quantizer. Naturally, in the second case
itis assumed that the dither signal must be available at both ends
of the channel (Fig. 3). The fotal error €,, of these schemes is
defined as the difference between the original system input and
the final output, while the quantization error e,, is the difference
between the quantizer input and output. These errors are not the
same for subtractively and NSDs. In particular, the total error
of a SD, also referred to as quantization noise in [16], is the dif-
ference of the original input and the final output

&SP = Q(X,, + W) — (X + W,). )

In this case, the total error of the SD system happens to be equal
to the quantization error of a NSD, a very interesting and useful
result, as we will show later on. The total error for a NSD is

eNSP = (X, +W,) - X, =P + W, 2)

n

which is obviously different from the total error of an SD
system.

The purpose of the dither signal is to render the quantization
error uniform and independent of the input signal, which can be
achieved if certain conditions, develope S n [19],
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are met. Specifically, Schuchman’s conditions require that the
quantizer does not overload, meaning that the quantization error
never exceeds A /2, and the characteristic function of the dither
signal, defined as

My (ju) = E(7) 3)
has the following property:
,'2

My (JA—M) =0, 1#0. 4)

If these conditions are met, Schuchman proved that the total
error e5P of a SD quantizing system is uniformly distributed
on (—A/2,A/2], and statistically independent of the original
input signal X,.

Gray and Stockham [16] derived the following necessary and
sufficient condition for the kth moment of the nonsubtractive
quantization error e)°P to be independent of the input signal z:

dk

—— (M (ju) M, (ju))

du* =0

u=27b/A

beZ, b£0 (5

where v is a random variable uniformly distributed on
(—A/2,A/2], and independent of z. This random vari-
able has no special meaning, but it is necessary to formulate
condition (5). As mentioned in [6], these properties of the
quantization and the total errors are valid for uniform scalar
quantizers where overload does not occur, which is the case
examined here.

These results are particularly important for the analysis in
Section IV, where the effect of the quantization errors on the wa-
termark detector are examined. The quantization error of a wa-
termarking system under quantization is identical to the quanti-
zation error of a NSD quantizer, since the dither signal, which is
the watermark, is not subtracted from the system output. Thus,
the quantization error of the watermarked signal is

eNSP = Q(X, + W,,) — (X, + W,). (6)

However, as (6) shows, the quantization error of an NSD system
is identical to the fotal error of an SD quantizer given in (1).
Consequently, Schuchman’s Conditions hold for the watermark
quantization error that interests us (the quantization error of a
NSD quantizer), since it is equal to the total error of an SD
system. Therefore, the watermarking quantization error will be
validly considered in the sequel as a sequence of i.i.d. uniformly
distributed random variables in (—A/2, A/2], independent of
the input signal and white.

III. DCT-DOMAIN WATERMARKING

In this section, we briefly describe the watermark generation
and embedding process used for image or video data in the DCT
domain [20]. Most watermarking systems are inspired by the
spread spectrum modulation schemes used in digital commu-
nications in jamming environments [21]-[23]. The role of the
jammer in the watermarking problem is assumed by the host
signal, which is equivalent to additive noise, and by the at-
tacker who unintentionally or intentionally tries to destroy or
extract the embedded watermark [2], while the watermark is the
hidden information signal. Spread spectrum techniques are so
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Fig. 4. Watermark embedding process.

popular for watermarking because they exhibit low probability
of intercept (LPI), which in the case of watermarking translates
to high imperceptibility [8]. Increased robustness of the water-
marking system is ensured by the anti-jamming properties of
spread spectrum systems. The pseudorandom modulation of the
watermark, described analytically in Section III-A, increases the
achieved security, since knowledge of this sequence is required
for successful watermark retrieval [2].

A. Watermark Generation and Embedding

If an image is represented as a discrete two-dimensional (2-D)
sequence x[n] of its luminance component with N7 x N» pixels,
the watermark can be considered as a 2-D DCT signal W k],
which is added to the DCT coefficients. Indexes in boldface
typesetting represent the corresponding 2-D indexes, so k =
[k1, k2] and n = [n1,ns]. The DCT can either be applied to the
entire image or in blocks. We use the blockwise DCT because it
is used much more widely in practice and because the blockwise
application of the DCT is faster than the full-image DCT. In our
case, it also happens to allow the statistical characterization of
each DCT coefficient.

The watermark may or may not contain a message M,
which is mapped by an encoder to an N -dimensional codeword
vector b (Fig. 4). In the frequently considered case where the
watermark does not contain a message the codeword vector, b
reduces to b = 1 [9]. Every element of the codeword vector b;
is then repeated in a different set .S; of image or video pixels
in the DCT domain, in an expansion process, which spreads it
over all the pixels. It must be noted that this repetition of the
information bits b; introduces a certain degree of redundancy in
the watermark, which is desirable, as it increases its robustness.
In the case of watermark detection, there is no hidden message,
so the element repeated over all the pixels is simply b = 1.

A direct spread spectrum modulated watermark is then cre-
ated from the signal resulting from the above expansion process,
by multiplying it in a pixel-by-pixel manner with an appro-
priate 2-D pseudorandom sequence s[k]. The security of the
entire system is ensured by the initializing seed to the pseudo-
random noise generator: this key is cryptographically secure and
is known only by the legal owner of the watermarked document.
Without knowledge of the secret key, the generation of the wa-
termark at the receiver is impossible.

The spreading sequence s[k] must have noise-like proper-
ties, in order to spread the spectrum o al blk],
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so its mean should be approximately zero and its auto-correla-
tion should approach the delta function. For the system consid-
ered here, the pseudorandom sequence is bipolar, i.e. it takes the
values {+1, —1}, with relative frequencies 1/2 each. The multi-
plication of the signal with this sequence spreads its power over
a wide bandwidth, increasing its invisibility and robustness.

In order to guarantee the invisibility of the alterations intro-
duced by the watermark, the spread signal is multiplied by a per-
ceptual mask a[k], that takes into account the properties of the
human visual system [24], [25]. In order to design it, one must
estimate the visibility threshold T'(4, j) for every (4, j) DCT co-
efficient of each 8 x 8 block, which is approximated in loga-
rithmic units by the following function

Tmin (fZZO + f&j)z )
(~ i2,0 + f()2,j)2 —4(1-r) /L%ofg,]‘

+K (log 2o+ 13— log fmin)2 M

where f; o and fy ; are the vertical and horizontal spatial fre-
quencies, respectively, (in cycles/degree) of the DCT basis func-
tions and T};, is the minimum value of the quadratic function
T(1,7) associated with f,;,. It must be noted that this model is
valid for the ac frequencies only and not for the dc coefficient.
The threshold T'(4, j) is corrected for every block through the
following equation:

log T'(i, j) = log (

X°’°> ' (8)

7/i.5) = 700.3) (

0,0
where X o is the dc coefficient for each block and Xo,o is
the average luminance of the screen. These two functions con-
tain parameters which are set to r = 0.7, Thin = 1.1548,
K = 1.728, fmin = 3.68 cycles/degrees and ar = 0.649,
following [25] and the perceptual mask is obtained from the vis-
ibility threshold according to the following equation:

k1, ko] = 4 - (1 +(V2- 1)5(11))
(14 (V2= 100)) 7 Tl l) ©)

where l; = k1 mod 8, Iz = k2 mod 8, §(-) is the Kronecker
function and v < 1 is a scaling factor. This mask ensures that
the watermark will remain imperceptible to the human eye, but
at the same time it will alter the pixel values as much as possible
in order to achieve maximum robustness.

The resulting watermark, for the case where b = 1,is W[k] =
a[k]s[k] and is added to the original DCT coefficients X [k],
giving the watermarked signal Y'[k] = X[k] + Wk] (Fig. 4).
The only way for the attacker to retrieve the hidden signal is to
have a copy of the pseudorandom sequence, in other words its
seed and the procedure through which it is generated. This way,
the attacker cannot extract the watermark without knowledge of
the secret key (the pseudorandom sequence seed), even if the
entire watermark generation and embedding process is known.
Thus, the dependence of the generated watermark on the secret
cryptographic key and the spread spectrum embedding proce-
dure result in a robust watermark, which is resilient against stan-
dard signal processing and manipulation as well as intentional
attacks.
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IV. WATERMARK DETECTION AFTER QUANTIZATION
A. Statistical Watermark Detection

Traditionally, detectors correlate the given data with the
known watermark. Alternatively, the detection problem can be
formulated as a binary hypothesis test [26]. Although the given
data for this test possibly contains a watermark, the actual
test is performed without knowledge of the original, unwater-
marked data. Thus, this technique actually is a blind watermark
detection method. The analysis that follows can be applied to
any kind of data, but we will focus on image and video DCT
coefficients, in which watermarks are often embedded. The two
hypotheses for the test are formulated as follows:

Hi: Y[k =Xk + W[k

Hy: Y[k =Xk (10)

In this detection problem, the watermark W k] is the desired
signal or information, while the DCT image or video coeffi-
cients X[K], i.e. host signal, play the role of unknown additive
noise with known statistical properties. The goal of the water-
mark detector is to verify whether or not a watermark exists in
the given data, based on the statistical properties of the (pos-
sibly) watermarked signal that is received, and the known wa-
termark. A basic assumption is that the statistical distribution of
the DCT coefficients is not significantly altered after the inser-
tion of a watermark. This assumption is intuitively justified by
the fact that the watermarked signal should follow a statistical
distribution similar to that of the original signal, if the embedded
signal is imperceptible.

We assume that the data has been modeled by an appropriate
statistical distribution, so the probability density functions
(pdfs) of the host signal and its watermark are known or can be
very accurately approximated from the given data. In that case,
the detection rule is

H,
AY) =, (1D
Hy
where the likelihood ratio A(Y") is defined as
f(Y]H,)
AY) = L2120 (12)
= i)

In practice, the log-likelihood ratio is usually preferred to per-
form hypothesis testing. The log-likelihood ratio is simply de-
fined as the natural logarithm of the likelihood ratio, [(Y) =
In(A(Y")), given by

)= (45

Neyman—Pearson testing is performed, where [(Y") is compared
to a threshold 7, which is determined by the probability of false-
alarm P%,, i.e. the probability of detecting a watermark in unwa-
termarked data (Fig.5). The exact relation of this threshold to the
original data can be formulated analytically and is presented in
the following section.

(13)

B. Cauchy Detector

The hypothesis test described above defends on the statistical
model used for the data, so it is necess tlyth BrQ(QKhe data
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by a suitable pdf to be used in the design of the detector. The
parameters of this model can be estimated with accuracy from
the given data [27], as it will become clear later on.

It is well known that DCT image or video coefficients, are not
accurately modeled by the Gaussian distribution, since they dis-
play heavy tails [28], [29]. The use of more appropriate models,
such as the generalized Gaussian distribution [30] has been sug-
gested in the literature. However, other heavy tailed distribu-
tions, like the members of the alpha-stable family, have been
found to be more suitable. The Sa.S family is often used to
describe non-Gaussian signals, which are characterized by an
impulsive nature [11]. Because of their impulsiveness, these
signals exhibit distributions with heavy tails, like the low-fre-
quency DCT coefficients.

The stable distribution can be best described by its character-
istic function

o(w) = exp (Jow — v|w|* [1 + jPsign(w)d(w, a)])  (14)
where
tan &, fora#1
Hlw,a) = { %10g2|w|, fora = 1. as)

The stable distribution is completely described by the following
four parameters [31]: the location parameter § (—o0 < § <
00), the scale parameter v (y > 0), which is known as the
dispersion, the index of skewness § (=1 < < 1), and the
characteristic exponent o (0 < a < 2). We will examine the
(Sa.S) distribution, which has 3 = 0. The location parameter 6
gives the distribution mean for 1 < a < 2, whilefor0 < aa <'1
it gives the median. The dispersion y can be any positive number
and corresponds to the spread around the location parameter
6, in other words it behaves like the variance of the Gaussian
distribution [32].

The characteristic exponent o determines the shape of the dis-
tribution as it measures the “thickness” of the tails of the pdf.
For smaller values of «, the tails of the distribution are heavier
and the corresponding random process displays high impulsive-
ness, while increasing values of a correspond to distributions
with rapidly decaying tails, that approach the Gaussian case.
There are closed-form expressions for the pdf of Sa.S random
variables only for & = 2 and «« = 1, which correspond to the
Gaussian and Cauchy distributions, respectively [11]. A Cauchy
detector has been designed for the case that « 1 in [13].
Naturally, this detector is not optimal for all cases, since the
data is generally Sa.S and not specifically Cauchy. However,
the Cauchy detector has proven to be particularly robust even

if the input data has a shape factor that deviates from o = 1
[14], [15]. It is certainly better than the traditional correlator, as
it correctly assumes a heavy tailed model for the data.

The Cauchy model has the following pdf:

1 gl
Ty + (z = 6)?
where ~y is the data dispersion and § is the location parameter.
The corresponding Cauchy detector can be derived by replacing

(16) in (13). In this case, the hypothesis test presented in (10)
uses the pdfs

f(Y(k)[Ho) = fx (Y (k))
fY(&)|Hy) = fx (Y(k) - W(k)).

In the sequel, the 2-D index k will be omitted for notational sim-
plicity. If the set of DCT coefficients that contain a watermark
is denoted by S, the likelihood ratio becomes

f(Y|Hy) H fX

F(Y|H,)
I
S

and the corresponding log-likelihood ratio is

Zln v+ (Y - 6)°
= P+ Y -W-6>

[x(z) = (16)

a7

g +( - 8)?
P24+ (Y =W —6)?

I(Y)

(13)

This ratio will be compared against a suitably chosen threshold
in order to determine the existence of a watermark. The low- and
mid-frequency DCT coefficients are very accurately modeled by
SasS distributions which may deviate slightly from the Cauchy
model. Despite this, it has been shown [14] that the performance
of this detector is not significantly affected by such deviations,
S0 its results remain very accurate.

C. Effect of Quantization on the Cauchy Detector

Quantized data is corrupted by quantization errors eg, and
e, corresponding to watermarked and unwatermarked data,
respectively. These errors are defined as the difference between
the quantizer input and output

which satisfy Schuchman’s conditions, as seen in Section II.
Consequently, the watermarking quantization error e,, of (19)
will be statistically independent of the input signal 11d and
uniformly distributed on (—A/2, A/ 2] IEeF ffes of the
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quantization error are of essential importance for the analysis
that follows.

Taking the quantization errors into account, the binary hy-
pothesis test of (10) becomes

Hy: Y[k]=X[k]+ WIk]+ ek]
Hy: YI[k] = X[k]+ e[k]. (20)
Thus, the corresponding log-likelihood ratio under Hj, is
Y+ (X +e—106)>2
I(Y|Hy) 1 21
(¥|Ho) %:HW+X+6—W—6)2 @D
and under H;
(X
(Y |H1) Zl ’7 +(X+W+e— 5) 22)

Y2+ (X +e—0)?

The likelihood functions (21) and (22) are sums of many i.i.d.
random variables, so according to the central limit theorem, they
can be approximated by a Gaussian variable of mean and vari-
ance that can be estimated from the data. This approximation
is accurate in practice, since a large number of coefficients are
summed in the log-likelihood ratio test.

As already detailed in Section III-A, the watermark is
equal to the value of the perceptual mask a[k] multiplied by
the pseudorandom sequence s[k] (W[k] = alk]s[k]). The
pseudorandom sequence used is modeled as an i.i.d. two—di-
mensional random process with a two-level equiprobable
discrete marginal distribution, s[k] € {—1,1}. The perceptual
mask, which defines the watermark amplitude a[K], is designed
according to the properties of the human visual system as
described in Section III-A. Thus, the expected value of the
watermark at every pixel k is a[k] or —a[k], with probability
1/2 each. It must also be noted that the watermark is supposed
to be embedded in a set S of the DCT coefficients, so only these
coefficients are taken into account.

The mean of (21) can then be found from

Elf(y)] = / f(¥)py (y)dy (23)

where py (y) is the joint probability density function of a multi-
dimensional random variable y. The above should be under-
stood as a short notation for a multivariable integral and dy
as a short notation for dy, . . ., dy,. In our case, there are two
random variables, the watermark and the quantization error. The
pdf of the latter is p.(e) = 1/A since the quantization error has
been considered to be uniformly distributed in (—A /2, A/2].
The watermark is —a[k] or a[k] for every pixel k, with proba-
bility 1/2 each. Incorporating this in (21) and omitting the index
k gives

1 Y2+ (X +e—6)?
2 5 Y2+ (X +e—a—96)>2

1 Y2+ (X +e—106)2
=y 1
+ZZS: (X fetra—o)y

de. (24)

1313

It can be found that

/ln [(Y +e)?+7°

] de = —2¢ + 2ytan™? <Y+ e)
5
+Y +e)ln [y* + (Y +¢)?].

In the interval (—A /2, A/2], the above integral becomes

‘1<”%)-m ()
—<Y—%>ln Z2y ]
+<Y+§>1n Z2y ]

In view of (26), with Y replaced by (X +a-106),(X
or (X — ) as appropriate, (24) becomes

(25)

Int(Y) = — 2A + 2y |tan

(26)

—a—56),

mo= % > RInt(X —8)—Int(X +a—8)—Int(X —a—6)].
S

27)

From this equation, the mean of the log-likelihood ratio

can be computed under hypothesis Hy. The variance
= Var[l(Y|Hy)] can be similarly computed from

ot = B |(I(Y |Ho)

where

N moﬂ = E[2(Y|Ho)] —m2 (28)

7+ (X +e—0)?
Y+ (X +e—-W-=96)?2

E[I*(X)|Ho] = E

Zln

S

(29)
Considering, as before, that the watermark is a sequence of i.i.d.
random variables with the equiprobable values {—a/[k], a[k]}
for every pixel k, and also that the quantization error e is a uni-
formly distributed random variable on (—A /2, A /2], we obtain

2

_a_|_e_
Zl
S

Since the quantization error is uniformly distributed on
(—=A/2,A/2], the following integral will need to be computed:

E [I*(X)|Ho] ——

Y2+ (X +e—0)
Y+ (X+a+e—06)2| 30)

2

[ 7+(Y1+e) de.  (31)

’y +(Y2+e)

|
—
vl \

This integral is computed numerically in the experiments and is
left as is in the equations that follow. Under the same assump-
tions as before for the watermark, the variance is finally given
by

Zl
Be |2 0t

2
7 + X—I—e—6)
—a+e—6)>2

Y2+ (X +e—10)2
v+ (X + a+c FL&e o0k

(32)
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With these quantities known and since [(Y") follows a Gaussian
distribution, the probabilities of detection and false alarm for the
ratio [(Y") are given by

Pu(t) = Q (t _U;”O) (33)
Pact(t) = Q (t _U:’“) (34)

where ¢ is the threshold against which the data are compared
and Q(z) is defined as

Qz) = \/%/e_édt.

For a given probability of false-alarm Pg,, we can compute the
required threshold for a watermark to be detected

Pu(t)=Q (t_m°> =

00

(35)

t—mo

_ -1
oo _Q (Pfa) =

t =mo + 00Q " (Pra). (36)
By using this known threshold, we can find the relation between
Py, and Pye¢, which gives the receiver operating characteristic
(ROC) curves

Pie = Q (Q7'(Pw) — 2VSNR). 37)
These curves give a measure of the performance of the proposed
detector, both in the absence and in the presence of quantiza-
tion. The probability of error for the detector can also be defined
as the probability of false alarm and the probability of not de-
tecting an existing watermark [7]. Using this error metric, one
can measure the performance of the detector under quantiza-
tion attacks as the probability of error versus the embedded wa-
termark strength or the quantizer step size. Thus, one can ex-
amine the effect of quantization of varying strength on the wa-
termarked data for a given probability of false alarm in terms of
detection or error probability.

V. EXPERIMENTAL RESULTS

The theoretical analysis of the previous section can be used
to examine the influence of quantization on watermarked image
or video data. It is possible to measure the performance of the
detector in the presence of quantization for watermarks of in-
creasing strength. The robustness of the Cauchy detector in the
presence of quantization attacks can be predicted and the min-
imum watermark strength needed to overcome the quantiza-
tion error can be estimated. Additionally, in the experiments
that will be described, the theoretical results of Section IV-C
will be verified. This is very important, as these theoretical re-
sults allow the accurate prediction of the performance of water-
marking schemes under quantization attacks.

The analysis of the previous sections can be applied to
any kind of host and watermark signals, characterized by the
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heavy-tailed Cauchy or SaS distribution described in Sec-
tion IV-B. The blockwise DCT transform is applied to the host
data in 8 x 8 blocks. The coefficients corresponding to every
frequency are arranged in order of importance using the zig-zag
scan and are examined separately. In particular, the DCT
coefficients for the same frequency over all the image blocks
are grouped in a sample sequence, which can be considered
a subsignal. This allows the focus of the experimental anal-
ysis on the most important coefficients, which are the low- and
mid-frequency ones. For our experiments we use low-frequency
DCT coefficients of an MPEG-4 video object, and in particular
the fifth DCT coefficients of the foreground object from an
I-frame of the Akiyo video sequence. These coefficients, or
subchannels, follow a heavy-tailed distribution for which the
detector presented in Section IV-B is nearly optimal.

The analysis of the quantization attacks on the host data is car-
ried out assuming uniform scalar quantization of each data set.
Such quantization is common in practice and is in fact used for
the JPEG standard for still images, as well as the MPEG stan-
dards for video sequences, which assign different but equal step
sizes to every DCT coefficient. The performance of an actual
detector for all the DCT coefficients is expected to be very sim-
ilar to that of the detector for each subchannel, and especially
the low and mid frequency ones examined here, since they are
the most important ones.

A. Detector Robustness for Varying Quantization Attacks

Initially, the expected mean and variance of the log-likelihood
ratio (18) under quantization are computed from (27) and (32).
The probability of false alarm is set to Pr, = 1072 to reduce the
number of free parameters. Using the estimated values of my,
03, and the P,, the detection threshold is computed via (36). Fi-
nally, the probability of detection is computed from (34). This
is repeated for increasing quantization step sizes and for a par-
ticular watermark. The watermark-to-document ratio (WDR) is
defined by

0_2
WDR = 10 log,, (—5) (38)
ag.

xr

where o2, and o2 represent the variance or energy of the wa-
termark and the host document respectively. This ratio is set to
WDR = —23.6163 dB, so that the watermark power is low rel-
ative to the document energy [6].

The calculation of the detection probability for decreasing
quantization step sizes leads to the curves depicted in Fig. 6(a)
and (b) on a linear and logarithmic scale respectively. As these
figures show, the detection probability indeed decreases when
the data is very coarsely quantized, but increases as the quanti-
zation step becomes smaller. Thus the detection probability in-
creases for higher values of o,,, /A, which correspond to smaller
quantization step sizes, and decreases in the opposite case. As
these figures show, the probability of detection is above 0.90 for
values of o,, /A above 0.75. The detector can consequently be
considered very reliable for these quantization step sizes, since
the detection probability is very high, although the probability
of false-alarm P, = 1073 is very low. LFeBOd’K



BRIASSOULI AND STRINTZIS: OPTIMAL WATERMARK DETECTION UNDER QUANTIZATION IN THE TRANSFORM DOMAIN

Probability of Detection for Pfa=10_3, WDR =-23.6136 dB

—_

© o o o
> N ® ©
. T T T

©
IS
T

Probability of Detection P et
o o
w (6]

©
N
T

0.1

0 f i ; ; ; ; ; ; ;
0O 02 04 06 08 1 12 14 16 18 2
(a) Normalized Standard Deviation of Watermark ¢ /A

Probability of Detection for Pfa=1 0™, WDR = —23.6136 dB

det

Probability of Detection P

0O 02 04 06 08 1 12 14 16 18 2
(b) Normalized Standard Deviation of Watermark cw/A

Fig. 6. Probability of detection for varying quantization step sizes, fixed Pk.,
and WDR for the fifth DCT coefficient of Akiyo.

Another way to examine the detector performance is through
the evaluation of the error probability. The error probability is
defined as the probability of detecting a nonexistent watermark
Pt,, known as the probability of false alarm plus the probability
of “missing” a watermark, P, 4.¢ multiplied by the respective a
priori probabilities for Hy and H;. In the case examined here,
both hypotheses have equal a priori probabilities 1/2, so the error
probability is

P, = (39)

1 1
§(Pndet + Pfa) = 5(1 - Pdet + Pfa)-

This quantity is computed using (33) and (34) and plotted
against decreasing quantization step sizes, or increasing
ow/A, in Fig. 7(a) and (b). The false-alarm probability
is set to P, = 1072 and the same watermark, with
WDR = -23.6163 dB, is embedded in the host signal.
In this case, the error probability is very high for high quantiza-
tion step sizes or low normalized watermark standard deviation.
As before, the error probability becomes very small when
ow/A is above 0.75. Fig. 7(a) and (b) shows that the proba-
bility of error becomes close to 0 when the quantization step
size decreases and the corresponding normalized watermark
standard deviation increases.
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Fig. 7. Probability of error for varying quantization step sizes, fixed Pr., and
WDR for the fifth DCT coefficient of Akiyo.

B. Detector Robustness for Watermarks of Varying Strength

The detector performance is also examined for a spe-
cific quantization attack and watermarks of varying strength.
Fig. 8(a) and (b) depicts the detection probabilities for values
of WDR ranging from about —35 to —10 dB and for P, fixed
to 1073, The probability of detection is quite low for small
values of WDR, which is logical since the embedded water-
mark is very weak in these cases. However, for WDR above
about —18 dB the detection probability is very high, above
0.90. These values of WDR are quite usual, as watermarks with
similar values of WDR have been used in [6]. Thus, the detector
can be considered reliable in the presence of quantization since
its performance is very good for watermarks often used in prac-
tice. This is also evident in Fig. 9(a) and (b), where the error
probability of (39) is plotted for the same simulation settings.
The error probability is very high, close to 0.50, for very weak
watermarks, but it becomes very low, below 0.10, when the
WDR is above —18 dB, as expected from the previous results.

C. Experimental Values of mg and o}

The results of (27) and (32) can be verlﬁed
calculating the mean and variance of the 1

xperimentally by

QQ at10 ex-
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perimentally as well as theoretically. In particular, Monte Carlo
experiments are carried out by embedding a large number of
pseudorandomly generated watermarks in the host data with the
procedure described in Section III. For the Monte Carlo tests,
200 watermarks are generated from the corresponding pseudo-
random sequences. The log-likelihood ratio is then calculated
for every one of these experiments and its mean and variance
are finally computed and compared against the theoretically es-
timated values. To verify the robustness of the results and to
form a better picture of the accuracy of the proposed estima-
tors, we conduct such Monte Carlo experiments for watermarks
of varying strength. In particular, different watermarks are em-
bedded in the host data prior to quantization and the log-likeli-
hood ratio is computed with (18). The mean and variance of the
log-likelihood ratios of every watermark are found experimen-
tally from the Monte Carlo runs, as well as theoretically from
(27) and (32). In Fig. 10(a) and (b), it can be seen that the the-
oretical estimates of the log-likelihood ratio mean and variance
are accurate for watermarks of varying strength. This can also
be seen in Table I, which shows the values represented graphi-
cally in Fig. 10. These results show that the estimator is almost
always very accurate, since very small differences between the
theoretical and experimental estimates are observed.
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The accuracy of the estimates of mq and o is especially im-
portant for the verification of the curves of Figs. 6-9 and 11.
The probabilities of false-alarm, detection and consequently the
error probability too, all depend on the values of these parame-
ters, as can be seen from (33), (34), and (37). Thus, if the number
of free parameters is reduced, by predefining the probability of
false alarm for example, these probabilities depend solely on
the ratio mean and variance. Since the experimentally computed
means and variances practically coincide with their theoreti-
cally computed values, it is obvious that the experimental error
and detection probabilities will be very close to their theoretic
values. Consequently, the accuracy of (27) and (32) permits the
theoretic investigation of the detector performance under quan-
tization and the comparison of various watermarking schemes.

D. ROC Curves Under Quantization

The relation of the detection probability with the probability
of false alarm is depicted in the ROC curves of Fig. 11(a) and
(b). The WDR is set to WDR = —28.689 dB in this case, while
the P, takes values from 10~* to 10~!. For the very small
values of Pk, close to 10~%, the detection probability for un-
quantized data is relatively high, remaining above 0.75-0.80,
but the effects of quantization are quite s-gxlkﬁﬁ,BthQ&alues of
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TABLE 1
THEORETICAL AND EXPERIMENTAL VALUES OF THE LOG-LIKELIHOOD RATIO
MEAN AND VARIANCE

SNR
Theoretical mo | Experimental mg | Theoretical vo | Experimental vg
0.000062 0.003166 0.002114 0.002101
0.009515 0.040358 0.171298 0.157676
0.034222 0.065259 0.611581 0.561945
0.073989 0.058685 1.324060 1.189549
0.128752 0.199737 2.310508 2.198796
0.198442 0.113571 3.573362 3.631999
0.282716 0.335679 5.115853 5.150009
0.381381 0.318942 6.941894 6.459357
0.494315 0.532581 9.056030 8.164082
0.621062 0.543422 11.463795 10.527803
0.761264 0.712844 14.171459 15.008780
0.914510 0.875945 17.186144 16.924128
1.080292 0.896968 20.515959 18.660339
1.258161 1.113276 24.169739 19.350195
1.447444 1.211168 28.157642 26.336855
1.647435 1.739450 32.490906 34.510052
1.857520 2.060917 37.181362 34.637211
2.076785 1.627385 42.242653 40.753242
2.304234 1.234108 47.689831 47.950150
2.539003 2.089883 53.538097 49.216347

Pyt for quantized data are below 0.70. However, this is the case
only for very small values of Ps,. As Fig. 11(a) and (b) shows,
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Fig. 11. ROC curves: probability of detection versus probability of false alarm
for quantized and unquantized data from the fifth DCT coefficient of Akiyo.

the detection probability is above 0.80 for P, above 3 x 1073,
where the corresponding detection probability without quan-
tization is above 0.90. Very accurate values of Pgyet, even in
the presence of quantization, are finally obtained for P, above
8 x 103, where the probability of false alarm for quantized data
is above 0.90.

From these results one can conclude that quantization does
affect the detector performance, as there is a decrease of the de-
tection probability in comparison to the detection probability for
unquantized data. However, as it is obvious from the previous
discussion and Fig. 11( a) and (b), the detector is not rendered
useless in the presence of quantization. On the contrary, very
high detection probabilities can still be obtained, as long as the
probability of false alarm is not very low. As seen in the previous
experiments, the performance of the detector is very good even
for values of P, as low as 1073, Thus, its results can be con-
sidered reliable in the presence of quantization, even for quite
restrictive probabilities of false alarm. Naturally, this increases
the detector’s usefulness and reliability, as its performance does
not deteriorate under quantization. This analysis finally permits
us to estimate the detector performance a priori and predict the
detection results under various restrictions.

In order to verify the ROC curves, we_conduct experiments
with 200 pseudorandomly generated Wa-tl;l-rﬁﬁ ompare
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Theoretical and Experimental ROC curves for Quantized Data
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Fig. 12. Experimental and theoretical ROC curves for quantized data from the
fifth DCT coefficient of Akiyo.

the actual detection probabilities with their theoretical values.
This number of Monte Carlo runs actually permits the verifica-
tion of probabilities down to 5 x 1073, which is why there are
fewer experimental results for low values of FPk,. Fig. 12(a) and
(b) depicts the theoretically estimated ROC curves for quantized
data as well as the corresponding experimental results. The the-
oretical curves are derived from (37) using (27) and (32) for my
and o2, respectively. The empirical ROC curves are computed
using the experimental values of the likelihood ratio mean and
variance found from the Monte Carlo runs. As it is obvious from
Fig. 12( a) and (b), the experimental results follow the theoret-
ical ROC curves quite closely. Thus, the theoretically predicted
ROC curves and in general the prediction of error probabilities
in the presence of quantization can be considered reliable, since
they coincide with the actual empirical values. Finally, these re-
sults confirm the theoretical analysis of the effects of quantiza-
tion on improved watermark detection of Section I'V.

VI. CONCLUSION

In this paper, we examined the effects of the very common
and nonmalicious quantization attack on watermarking
schemes. We focused on the effects of the often used uni-
form scalar quantization on the detection of such a watermark.
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Specifically, we analyzed the effects of quantization on the
nearly optimal Cauchy watermark detector, which is more
accurate than the traditionally used correlation detector. For
our analysis, we also used certain results from the theory of
dithered quantizers and, thus, derived theoretical expressions
for the effect of quantization on the improved watermark
detector. These theoretical expressions of the dependencies
between the quantization strength and the error and detection
probabilities were used to examine the effects of a specific
quantization to watermarks of varying embedding strength and
the effects of varying quantization step sizes. It was shown that
in the presence of quantization there is a slight degradation of
the detector performance, which depends on the watermark
strength and the quantization step size. Actually, it was found
that if the watermark is not very weak and the quantization
is not very coarse, the detector remains reliable, giving quite
high detection probabilities. The theoretical analysis was also
verified experimentally, providing empirical measures of the
Cauchy detector performance in the presence of quantization.

Consequently, one can accurately predict the detector perfor-
mance in the presence of quantization, even before actual ex-
periments are conducted. Since the theoretical results are reli-
able, they can be used to predict the expected detection and error
probabilities for a given watermark. Finally, it is also possible to
know a priori the watermark strength necessary to achieve a cer-
tain probability of detection, false alarm and/or error. Such re-
liable theoretical results are very important, as the performance
of most watermarking schemes under various attacks, such as
the quantization attack examined here, is usually evaluated only
empirically.
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Iterative Error Detection and Correction of H.263
Coded Video for Wireless Networks

Ekram Khan, Stefan Lehmann, Hiroshi Gunji, and Mohammed Ghanbari, Fellow, IEEE

Abstract—Due to the use of variable length code (VLC), a single
bit error in the discrete cosine transform (DCT)-based coded bit
stream, such as H.263, may propagate up to the end of the group
of blocks (GOBs) or slice. In this paper, we propose an iterative
error detection and correction algorithm for the slice mode of the
H.263 bit stream. The visibly erroneous macroblocks (MBs) in the
decoded frames are detected by checking a set of error detection
conditions derived from the redundant information (such as neigh-
boring MBs and inner-DCT block similarity measure) inherent
within the frame. In each slice, the part of the bit stream before
the first erroneous MB is decoded in the conventional manner. The
remaining part after this MB is redecoded iteratively, skipping one
bit at a time until a decodable subbit stream is found. In case an MB
is nondecodable, it is replaced with gray level. Once all the slices
are checked, the frame is reconstructed and again checked for er-
roneous MBs. This process is repeated until the decoder detects
no more corrupted MB. The proposed step-by-step decoding tech-
nique limits the error into a few MBs only, which can easily be con-
cealed by any error concealment technique. The simulation results
demonstrate that our scheme can recover the corrupted frames
under the bit error rates up to 1% over binary symmetric channel
(BSC), and improve the concealed picture quality by 4-6 dB over
the conventional methods.

Index Terms—Error concealment, error detection and correc-
tion, error resilience, H263+, noisy channels, video coding, video
transmission, wireless network.

I. INTRODUCTION

OST OF THE standard video codecs like H.263 are

based on motion compensation—discrete cosine trans-
form (MC-DCT) coding scheme, which use the variable length
codes (VLCs), such as Huffman for further compression. The
use of VLC in the erroneous compressed data would not allow
even the noncorrupted parts to be correctly decoded until after
the synchronization point, i.e., start of the following group of
blocks (GOBs) or slice. Moreover, due to loss of synchroniza-
tion between the encoder and decoder states, the error may
also propagate into the temporal domain. Due to these reasons,
the emerging video coding techniques include provisions for
error resilience particularly in H.263 [1]-[3] and MPEG [4]. To
limit the effect of error propagation and hence to improve the
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video quality against the transmission error, several techniques
have been proposed in the literature. These can be grouped into
four categories: feedback channel or retransmission approach,
forward error correction (FEC) or channel coding approach,
error resilience approach and error detection and correction
approach.

The use of the feedback channel enables the decoder to in-
form the encoder about successful or unsuccessful reception by
sending positive (ACK) or negative (NACK) acknowledgment
[5]. Then to prevent error propagation, the encoder may use mul-
tiple frame prediction [6], [7] or utilize INTRA MB [5], [8], [9].
However, feedback channels may introduce additional delay and
complexity and they are also affected by channel errors. More-
over, they may not be available in many scenarios such as video
broadcasting, multicasting, or multipoint communications. The
FEC or channel coding approach is also commonly proposed to
limit the effect of error propagation [10]. However, the increase
in data rate due to insertion of redundant bits may not be suit-
able for very low bit rate applications.

To increase resilience of codecs to errors, the new generation
video codecs use synchronization markers for spatial error lo-
calization [2], [4]. These markers allow bit synchronization of
the decoder by resetting spatial location in the decoded frames
and prevent the propagation of spatial prediction errors. How-
ever if used too frequently, synchronization markers will also
increase the bit rate. Use of bit reorganization algorithms such
as error resilience entropy coding (EREC) [11], [12], whichis an
efficient alternative to the insertion of synchronization code, can
reduce this overhead. It should be noted that even in EREC tech-
nique, the errors in one slot can propagate to the others, though
the degradation in quality is somewhat alleviated by packetizing
all bits to the fixed length slots with least redundancy. Therefore,
it is often preferred to adopt a posteriori approach aimed at im-
proving the perceptual image quality of decoded image. These
techniques, generally termed as “error concealment,” which at-
tempt to restore erroneous blocks in the damaged image by some
means of interpolation performed either in spatial, temporal or
transform domain by exploiting correctly received information.
A general overview of the various error concealment methods
can be found in [13]. It should be noted that although the error
concealment techniques do not increase the transmission band-
width, but can yield very poor performance under high channel
error rate. Combinations of the above techniques, such as FEC
with automatic repeat request (ARQ) [14], FEC with conceal-
ment [15], and resynchronization with error concealment [16]
have also been tried and reported. Though hybrid schemes work
better than individual techniques, they still suffer with the basic
problem of individual techniques.

The error detection and correction is another approach,
which can be performed at either image level or bit level. The
image level approach exploits the resulting disturbances due
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Fig. 1. Modification to the H.263 decoder for proposed error detection and correction.

to the channel errors introduced in the redundant information
inherent in the neighboring pixels of the reconstructed frame. In
[17], candidate locations for errors in the JPEG-coded VLC bit
stream are identified using decoded image characteristics and
bits are then flipped in the received VLC bit stream to minimize
a cost function. However, this technique employs frequent
restart markers in the bit stream to limit error propagation in the
JPEG transmission application. In [18] also, the error detection
and correction in the image data with frequent use of restart
marker has been reported. A neural network based approach
for DCT information recovery has been suggested in [19]. A
bit level approach is suggested in [20], in which a symmetric
VLC codeword is used and the resulting encoded stream can
be decoded with both forward and backward (at bit level) from
a known location to maximize the amount of decoded data.
However, these codes are slightly nonoptimal. Further, the
reversible variable length codes (RVLC) [20] are best suited to
detect the errors when bits from erroneous bit onward are not
decodable or when invalid codes occur. However, in general,
all the erroneous bits may not result in invalid codes, and the
bit stream may be decoded (although erroneously) even in the
presence of errors. Also one cannot find the exact location of
errors within the bit stream with RVLC. In addition, some errors
in the bit stream have almost no impact or very little impact on
the picture quality, and it would be waste of resources to correct
them. For these reasons, we have considered error detection at
picture level and correction at the bit stream level.

In this paper, we propose an a posteriori approach aimed at
improving the perceptual video quality after erroneous H.263+
coded bit stream are received. Our error detection algorithm
exploits the inherent redundancies within and outside a mac-
roblock (MB) to detect erroneously decoded MBs. The redun-
dancies are measured in terms of a set of parameters (based on
MB and inner-DCT block similarities). For each MB, param-
eters are compared with either absolute or relative thresholds
(which are determined experimentally) or both to detect erro-
neous MBs. In order to detect maximum number of corrupted
MBs, the errors in I- and P-frames are detected in two and one
passes, respectively. In the error detection phase, more emphasis
is given to detect the first erroneous MB of the slice correctly.
After the error detection, an iterative redecoding-based correc-
tion algorithm is applied to the erroneous slices. A step-by-step
decoder initializes a pointer in the bit stream at the location of
the first bit of the first erroneous MB in the slice. The part of
the slice preceding this point is decoded conventionally, and
the pointer is incremented by one bit. The remaining part of
the slice from the current pointer location to the end is checked
whether decodable or not by checking a set of conditions. If not
decodable, the pointer location is again incremented by one bit
forward. This process is repeated until decodable bit stream is

found. The step-by-step redecoded part is right aligned and any
missing MB is replaced with gray values. In principle, when
pointer location corresponds to the first bit of any following
MB, it is likely that part of the bit stream thereafter is correctly
decodable. However, in practice, the step-by-step decoded part
of the slice may still contain some erroneous MBs. Hence, the
proposed error detection and correction scheme is applied iter-
atively until no further corrupted MB (except the stuffed gray
MB) is detected. Finally, spatial (for I-frame) [21] and temporal
[22] (for P-frames) concealment techniques are used to conceal
gray-valued MBs.

This paper is organized as follows. A brief overview of H.263
video coder with bit stream syntax modification is described in
Section II. The proposed error detection and correction scheme
is described in detail in Section III. The simulation results are
included in Section IV, followed by concluding remarks in Sec-
tion V.

II. H.263 VIDEO CODEC

In this section, we describe a video-coding framework em-
ployed throughout the paper, including the modifications in the
bit stream syntax and the decoder.

A. H.263 Video Coder

The standard video coding systems like H.263 [3] and
MPEG-4 [4] envisage various methods to improve their re-
silience toward channel errors. For example the Annex-K of
H.263+ [1] supports the slice-structured mode where all MBs
of one slice can be decoded independent of the content of other
slices by preventing the prediction of motion vectors (MVs) to
cross the slice boundaries. There is however, a need for extra
information to decode a slice, because information conveyed
in the picture header is not repeated in the slice header. In this
work, we have used slice-structured mode with slight modifi-
cation in the bit stream syntax to be discussed in Section II-B.
Our proposed error detection and correction technique is incor-
porated in the modified decoder shown in Fig. 1.

B. Bitstream Syntax Modification

Since in the slice structured mode of H.263 bit stream, the
quantization information and MVs are encoded differentially, if
one or more MBs in the middle of the slice are omitted, then it is
impossible to decode the quantization information and MVs of
the following MBs. In order to avoid this problem, the bit stream
syntax is slightly modified from the conventional slice structure
mode. The modifications are made only in the slice and MB
layer, whereas picture and block layers remain unchanged [1].

In the slice layer, SSTUF is modified and i Est tizer infor-
mation (LQUANT) and the last MV val f( ﬁl%balﬁ: added.
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Picture Layer (unchanged)

PSC | TR |PTYPE |PLUS HEADER |[PQUANT

PEI |Slice Layer

Slice Layer

SSTUF| SSC | SSBI |MBA | SEPB2 | SQUANT

SWI | SEPB3 | GFID | MB Layer | LQUANT |LMVV

MB Layer

COD

MCBPC | CBPY |DQUANT |MVD | Block Layer

Fig. 2. Modified bit stream syntax.

In the MB layer, motion vector difference (MVD) prediction
is modified. Due to these modifications, for QCIF at 64 kbit/s
the overall bit rate increases by 1.2%. The modified bit stream
syntax is shown in Fig. 2, where added and modified fields are
shown in bold faces and are explained below.

SSTUF: The SSTUF field is modified similar to MPEG-4
to incorporate LQUANT and LMVYV fields in the slice layer.
SSTUF field takes 1-8 bits and is a codeword of variable
length, consisting of one zero followed by less than eight 1s
such that SSC is byte aligned. This enables the decoder to locate
LQUANT and LMVYV in the bit stream, which otherwise is not
possible with SSTUF specified in the conventional H.263.

LQUANT: LQUANT is a fixed length code word of five bits,
which indicates the quantizer information (QUANT) of the last
MB in the slice and is added after the MB-layer field. It enables
the decoder to check and ensure that QUANT is decodable for
the MBs following the erroneous one.

LMVV: The LMVYV field is added as the last field of the slice
layer and contains last motion vector in the slice. It ensures that
motion vectors can be decoded starting from any MB in a slice
and allows calculating motion vectors in the backward direction.
It is incoded with a prediction value of zero for both horizontal
and vertical components and is coded with the same VLC codes
of motion vectors, but bits are placed in reverse order. LMVV
field is used for intercoded frames only.

MVD: In the MB layer, the MVD prediction is modified ac-
cording to data partitioned slice mode of H.263 (Annex. V) [1]
but with conventional VLC rather than RVLC. The first motion
vector in the slice is encoded using a prediction value of zero for
both horizontal and vertical components. The motion vectors of
the subsequent MBs are encoded using last coded value as the
predicted one.

III. ERROR DETECTION AND CORRECTION

In this section, we describe the details of our error detection
and correction scheme which is performed at the MB level in
each slice of the frame.

A. Error Detection

In the presence of transmission errors, a decoded frame may
contain three types of MBs: 1) nondecodable MB (fatal error);
2) correctly decodable MB; and 3) decodable but erroneous MB.
In our scheme, the first type of MB is detected during a slice but
the other two types are detected after the decoding.

Block Layer
(unchanged)

Intra DC| TCOEF

1) Error Detection While Decoding: When the H.263 de-
coder is decoding a slice from a corrupted bit stream, the de-
coder may detect the slice as erroneous if any of the following
conditions occurs.

1) Invalid VLC (MCBPC, CBPY, MVD, and TCOEF) code

is detected.

2) Quantizer information goes out of range.

3) Invalid INTRA DC code is detected.

4) Escaped TCOEF with level 0 is detected.

5) Coefficient overrun occurred.

6) A motion vector refers out of picture.

7) The number of bits used in decoding of the slice is dif-

ferent from that in the slice.

8) The quantizer information in the last MB is different from

LQUANT.
9) The motion vector of the last coded MB is different from
LMVV.

If any of the conditions (1)—(6) occur, the decoder will detect
a fatal error, and the MBs beyond that point are nondecodable
and all pixels of these MBs are replaced with some gray values
(say 128). However, if in any slice, conditions (7)—(9) occur, the
decoder will decode that slice erroneously, but it cannot deter-
mine the location of the error.

2) Error Detection in a Decoded Frame: After a frame is
decoded, the visibly erroneous MBs will be detected using re-
dundant information inherent in the neighboring MBs. Since a
channel error most often affects either 8 x 8 pixels DCT blocks
or 16 x 16 pixel MBs (containing four luminance and one each
of the chrominance DCT blocks), in the proposed error detec-
tion scheme, the emphasis is given on detecting erroneous MBs
by exploiting either the characteristics of the neighboring MBs
or DCT blocks within an MB. Furthermore, it is very likely that
an MB following an erroneous one is itself affected by the error,
the main challenge is to detect the first erroneous MB in a slice.
In order to detect corrupted MBs, the following similarity mea-
sures are exploited:

1) MB characteristics :

a) MB boundary;
b) MB mean pixel value.
2) inner DCT block characteristics:
a) inner boundary;
b) individual DCT block boundaries;
¢) DCT block’s mean pixel value.

For each of these similarity measures, a parameter (defined in

the following subsection) is calculated and compared with either

an absolute or a relative threshold or bOtth:[E ar&léllb der con-
sideration, if the parameter has a value gteatc® bsolute
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Fig. 3. Boundary pixels of an MB.

threshold, the MB is considered as erroneous. However, if the
value of the parameter is greater than a relative threshold, it is
considered as a candidate of being erroneous (subject to other
criteria to be fulfilled).

a) MB characteristics:

1) MB boundary similarity measure: In an image, there ex-
ists sufficient similarity among the adjacent pixels, and
hence across the MB boundaries, although there may exist
clear edges along their boundaries. In order to detect er-
rors, we use a parameter similar to [17], called average in-
tersample difference across boundary (AIDB), which can
be defined as the total absolute intersample difference be-
tween the pixels across the boundaries of the neighboring
MBs divided by the total number of the boundary points.
As shown in Fig. 3, let M represent an MB under consid-
eration and N, S, E, and W are its four connected MBs
in the north, south, east and west directions respectively.
Further, let p' represent boundary pixels inside the MB
M , and p°"* represent boundary pixels (adjacent to p™) in
one of the neighboring MBs. Then the AIDB of M with
anMB X € {N,S,E, W}, AIDB(M : X) is given as

K-1

1 .

AIDB(M : X) = ? [ E p;n _p?ut|‘| (1)
1=0

where an MB is considered as of K x K dimension (K =
16 here). The AIDB can also be calculated for more than
one neighboring block boundaries of MB M as

AIDB(M : N, S, E, W)
1 AIDB(M :N)+ AIDB(M : §) ,
= 1\ +AIDB(M : E) + ADDB(M : W) |- P

If AIDB is larger than some threshold, MB M is consid-
ered as being corrupted.

2) MB mean pixel value similarity: In this approach of error
detection, it is assumed that the mean or DC value of an
MB does not change significantly with that of its neigh-
boring MBs. However, if it does, an MB is likely to be
corrupted by errors. To measure the mean pixel value sim-
ilarities, we define a parameter designated as mean pixel
difference (MPD), which is defined as the absolute differ-
ence of mean pixel value of an MB under consideration to
the average of mean pixel values of the neighboring MBs.
If this difference is significant, the MB is considered as
erroneous. Here we have considered two cases:

i) Eight surrounding MBs are considered as neighbors
as shown on Fig. 4(a).

i1)Only four preceding MBs are considered as neigh-
bors as shown in Fig. 4(b).

1297
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Fig.4. An MB and its (a) eight neighboring MBs and (b) four preceding MBs.

In general, MPD with n neighboring MBs is defined as
1 n

Po n WLZ:]- Pm

where 7 is the number of neighboring MBs, and p,,, is the

mean pixel value of the mth neighboring MB (ref. Fig. 4).

The MPDg [Fig. 4(a)] is used to detect erroneous MBs,

whereas MPD, with only four preceding MBs [Fig. 4(b)]

is useful in detecting the first erroneous MB of the slice.

b) MB characteristics: The MB-characteristic-based mea-

sures discussed in the previous sections are good but not always

guarantee to detect the erroneous MBs. Since each MB consists

of four luminance and one of each chrominance blocks, some-

times it is possible that only one or two inner DCT blocks are

corrupted. Therefore, the MB-based parameters may not be

suitable for detecting erroneous MBs. In such cases, we propose

similar analysis for the inner DCT blocks within an MB. How-

ever these can only be applied to the four luminance DCT blocks

since there is only one DCT block of each chrominance per MB.

1) DCT block inner boundary similarity: It is based on the

principle that in a noncorrupted MB, the pixel transition

from one DCT block to another within an MB is generally

very smooth, i.e., pixels at the DCT block boundaries are

very similar. However, if one of the DCT blocks is erro-

neous, the boundary pixels of that block are likely to be

different from their adjacent pixels in the other blocks. As

shown in Fig. 5(a), an MB has two inner boundaries, hor-

izontal and vertical, across DCT blocks totaling 16 pixels

(for 16 x 16 size MB) across each side of the boundary. To

measure the similarity among the pixel across boundaries,

we define a parameter called inner average inter-sample

difference across boundaries (IAIDB), which is similar

to AIDB defined earlier, with the difference that AIDB

is defined for outer neighboring MBs whereas IAIDB is

defined within an MB. It is defined as follows:
} “)

TAIDB
(L 15
_ above below
—
i=0 i=0
are the ith pixel above and below
left and pri8h* are the

above
i 4

where p? and p
the horizontal inner boundary and p
ith pixel on the left and right side of the vertical inner
boundaries as shown in Fig. 5(a).

2) Individual DCT block inner boundary similarity: It is
similar to the DCT blocks inner boundaries, except that
only the boundaries of individual DCT blocks are consid-
ered. Here again each individual luminance DCT blocks
have two boundaries separating them from horizontally
and vertically adjacent blocks within an MB as shown in

Fig. 5(b). To measure the similaritigs a OE&A i%dividual
DCT blocks, we use the same pafflkiglg é as was

MPD,, = 3

right
i

left
b -

below
i
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Fig. 5. DCT block analysis for error detection. (a) Inner DCT block boundary. (b) Individual DCT block boundary. (c) DCT block mean pixel value analysis.

defined in the previous subsection with subscript “block”
to differentiate that it is the value of the parameter for a

} &)

DCT block only. It is defined as
TAIDByock

1 { p?bovo _ p:)clow| + i
=0

7

>

=0

right
i

left
3 p;

where p; = (1/64) Z?io P, is the mean pixel value of
the sth DCT block (8 x 8) of an MB, and pj» represents
jth pixel of the ith DCT block. Again because of too
many DCT blocks in a frame, it is difficult to determine
an absolute threshold for this parameter. Thus, only rela-
tive threshold for the luminance components will be used
to detect the errors.

3) Error Detection Algorithm: Our simulation shows that if

3)

where symbols have the same meaning as in (4). For
this analysis, only a relative threshold is used to decide
whether an MB is in error or not.
DCT block mean pixel value similarity: It is similar to
the MB mean pixel analysis, except that now it is applied
to DCT blocks. Again we define a parameter similar to
MPD,, defined in (3), for a DCT block within an MB as
a measure of the mean pixel value similarity. For any lu-
minance DCT block within an MB, there are only three
neighboring blocks in the same MB as shown in Fig. 5(c).
We denote this parameter as MPD?IOCI‘, which is the ab-
solute difference between the average of all pixels of one
DCT block to the average of all other pixels in the same
MB, as given in (6) for the DCT-blockO of Fig. 5(c)
block — 1
MPDy =Po— 3

(6)

the parameters defined in Section III-A-2 are individually used
to detect errors, not more than 20%—40% of erroneous MBs can
be detected and also some of the correct MBs may be detected
as erroneous. However, various combinations of these parame-
ters can improve the performance by up to 93%. Our algorithm
detects the visibly erroneous MBs in one and two passes for P
and I-frames respectively. The reason for using two passes for
I-frame is as follows. First, an I -frame contains much higher bits
than a P-frame, and for a given bit error rate (BER), it is more
likely to be corrupted. Second, P-frames can be concealed better
than I-frames, since I-frames use intra-frame concealment. Thus
in the I-frame, erroneous MBs should be detected more accu-
rately, which is achieved in two passes. In the first pass the pa-
rameter AIDB, MPDg, and IAIDB (in order) for each MB are
compared with their corresponding absolute thresholds, and if

one of them is larger, then the MB is co ﬁ eche us, oth-
erwise these parameters are comparedni i‘_(% ﬁgﬁK’ation of
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Fig. 6. Principle of step-by-step decoding. (a) Slice before the correction and sequential bit skipping. (b) Slice after correction.

their relative thresholds. By now most of the erroneous MBs
are detected. However there may still be some MBs in which
only one DCT block is erroneous and are not detected so far. To
detect this type of errors, IAIDBy,10c and MPDEIOCk are used
and compared with the relative thresholds of both. There are
still some less visible but erroneous MBs that could not be de-
tected so far. In the second pass, to detect some more erroneous
MBs, we detect the errors with a relatively lower threshold (re-
duced by one standard deviation). In addition, in the second pass
further emphasis is given to detect the first erroneous MB of
the slice. For that purpose, AIDB with SWN boundaries only
(Fig. 3) and MPD,4 with four preceding MBs only [Fig. 4(b)]
are used and compared with the relative thresholds of both.

In I-frames, errors are detected by applying first pass to each
MB and second pass only to those slices that contain erroneous
MB detected in the first pass. However, in P-frames errors are
detected by using only absolute thresholds of AIDB, MPDyg, and
IAIDB, and all steps of second pass in a single pass for each slice
and each MB.

B. Error Correction

The basic idea behind our error correction algorithm is the
fact that due to VLCs, the effect of bit errors in one MB may
propagate beyond that MB. The objective is to limit the effect
of error within the affected MB. This can be achieved if the de-
coder knows the location of the first erroneous block in the slice,
and can decode the rest of the slice without this erroneous one.
For this purpose the bit stream syntax is slightly modified so
that the decoder can decode the slice from the middle. Since
in the modified bit stream, each slice ends with LQUANT and

LMVYV that corresponds to the QUANT and MV of the last MB
of the slice, the quantization and motion vector information of
the MBs can be calculated from LQUANT and LMVYV in back-
ward direction.

Assuming that the decoder knows the location of the first erro-
neous MB (if any) in the slice, the step-by-step decoding shown
in Fig. 6 works as follows. The part of the slice preceding the
first erroneous MB is conventionally decoded and a pointer is
initialized at the second bit of the first erroneous MB, i.e., skip-
ping the first bit. The rest of the bit stream from that point is
checked to see whether it is decodable or not by checking the
condition (1)—(6) mentioned in the Section III-A. If any of these
conditions occur, the bit stream is not decodable and the pointer
is again incremented by one bit. This process is continued until
correctly decodable bit stream is found and decoded. We call
this part of the slice as step-by-step decoded part. If the number
of decoded MBs in the slice is less than the actual number of
MBs (which is known), the step-by-step decoded part is right
aligned and any missing MBs are replaced by gray values (say
128). This process is repeated for each erroneous slice (found
while decoding the frame) and thus the decoded frame is gen-
erated. Although it is expected that the step-by-step decodable
part of the slice is obtained when pointer is pointing to the bit of
an MB boundary, however, in practice it is possible that rest of
the slice is decoded from the point different from MB boundary.
It is also likely that decodable bit stream for the rest of the slice
also contains some erroneous bits. In such cases the decoded
frame may still contain erroneous MBs. For this reason the error
detection and step-by-step decoding is repeatedly performed on

the decoded frame until the error detec Lj_pe t detect any
more corrupted MBs, except the g.gray-vtj‘lr cﬁ%ﬁ%ich are
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e Decode the frame from received bit stream.

e Check for erroneous macroblocks.

e [f(frame contains any erroneous macroblock) do:
v

{
for each slice do:

{

if(contains no erroneous MB)
decode as with conventional decoder

else
S

{
o [nitialise pointer at first bit location of
first erroneous MB;
o decoder part of the slice from start to
pointer location conventionally;
e do

{
e increment the pointer by one bit location;
e decode remaining part of the slice starting from current
pointer address;

e [f(part is decodable) break;
)
J
e Decode this part of the slice with right alignment;
o Stuff the gray valued macroblocks between two decoded
parts, if needed;

/l

/l

e Reconstruct the frame, and check again for error.
e [f(no corrupted MB except grayed MBs) break;
/

Fig. 7. Error detection and correction algorithm.

concealed later. A pseudocode for the proposed error detection
and correction algorithm is given in Fig. 7.

C. Concealment

After detecting and correcting most of the erroneous MBs, the
erroneous slices may still have some erroneous MBs (at least
one in which the error actually occurred) which were filled in
with gray values during the step-by-step decoding. These MBs
can now be efficiently concealed with any standard error con-
cealment technique. There are two basic approaches for error
concealment: spatial and temporal. In the spatial interpolation,
pixels of missing MBs are reconstructed using the neighboring
spatial information whereas in the temporal interpolation, a lost
MB is reconstructed from that in the previous frame shifted by
an estimated motion vector. In this work, we employ both spa-
tial and temporal interpolation techniques. In spatial interpola-
tion, which is used for intracoded frames, the pixels of missing
MBs are reconstructed as the median value of the corresponding
pixels in eight surrounding MBs. For inter-coded frames, we
use simple motion compensated temporal error concealment, in
which the motion vectors of the missing MB is set to the median
value of the motion vectors of the eight neighboring MBs. If the
surrounding MBs are not available, the corresponding motion
vectors are set to zero. Then, the MB from the previous frame
at the spatial location specified by this motion vector is copied
to the location of the missing MB in the current frame.

IV. SIMULATION RESULTS

In this section, we experimentally determine the absolute and
relative thresholds for each parameter for error detection and
compare the performance of the proposed error detection and
correction scheme with and without concealment for different
noisy channels.
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A. Threshold Calculation

As mentioned in Section III, to detect an erroneous MB, we
compare the corresponding parameters with two thresholds, ab-
solute and relative. The objective is to minimize the possibility
of wrong detection, i.e., maximizing the detection of erroneous
blocks and at the same time minimizing the detection of cor-
rect blocks as erroneous. An absolute threshold is the safest
value of the parameter over which an MB can be considered
as erroneous. The absolute thresholds were investigated over
many frames of various sequences with different error patterns.
For each of the parameters the absolute thresholds for lumi-
nance and chrominance (if applicable) components are deter-
mined separately and are fixed throughout the experiment. In
order to determine an absolute threshold for a parameter z, we
calculate that parameter for each MB under consideration, and
check the maximum value of parameter x (say Z,ax) that a non-
erroneous MB may have. This means that any value of x greater
than x,,x Will definitely correspond to an erroneous MB. As a
safety measure the absolute threshold (72"%) is chosen approx-
imately 20% higher than ;..

The relative thresholds depend on the statistics of a frame. In
this work, the relative threshold (77¢!) is defined as

T =+ no (7
with

Ly ®)

L= — ZT;

/ N =1

1 &
o=\ 2 (i —w? ©

=1

where N is the number of MBs in a frame (N = 99 for QCIF),
x is one of the previously defined parameter calculated for each
MB, 1 and o are the mean and standard deviation of parameter
x over a frame, respectively, and 7 is a constant integer which is
determined empirically. If for an MB in a frame, the parameter
x has a value greater than Tre! of that frame, it is considered as
a candidate for an erroneous MB (subject to satisfying similar
conditions with other parameters). Since ;1 and o for a frame
are fixed, 7" is directly proportional to 7, and the objective
is to determine optimum value of 7). For efficient detection, we
measure the percentage of correctly detected erroneous blocks
(blocks which are known to be erroneous and detected as er-
roneous) and wrongly detected erroneous blocks (blocks which
are known to be correct but detected as erroneous) at each value
of 7. To be more precise, assume F is the number of known er-
roneous MBs, and D is the total number of detected erroneous
MBs. D contains both correctly and wrongly detected erroneous
MBs. Further, let C' be the number of correctly detected MBs
(C C E), W is the number of wrongly detected MBs (W ¢ E)
such that D = C 4+ W. The parameter percentage of correctly
detected error (PCD) and the percentage of wrongly detected
error (PWD) are used to measure the performance and to deter-
mine an optimum value for 7 and are defined as follows:

PCD = % x 100 (10)

W
PWD = B x 100. (11)
It should be noted that PCD would always be less than 100%

since C < F, whereas since W and Efgﬁéﬁ(ﬁgﬁnt from
each other, PWD may have any value (s re than



KHAN et al.: ITERATIVE ERROR DETECTION AND CORRECTION OF H.263 CODED VIDEO FOR WIRELESS NETWORKS

Macroblock boundary analysis (Y-component)

T T T T
non_erroneous —+—
erroneous ----x---

log10(number of macroblocks)+1

0 20 40 60 80 100 120 140 160 180 200

1301

Macroblock boundary analysis (U-component)
4.5 T T T

T T T T
: non_erroneous ——
4 f\\l erroneous ----x-— |

35 ] ‘ 1

log10(number of macroblocks)+1

140 160

0 20 40 60 80 100 120 180 200
AIDB AIDB
(a) (b)
Macroblock boundary analysis (V-component)
' non_'erronebus —
erroneous ----x--- |

E :
0 i
8
e
[
%]
©
£
S
]
e}
E ,

X 08
& e
‘é’ i
= 05 i

0 H i I Uil
0 20 40 60 100 120 140 160 180 200

Fig. 8.
MBs (dotted lines). (a) Y-components. (b) U-component. (c) V-component.

100%). Wherever possible, these parameters are determined
separately for luminance and chrominance components.

In order to determine the absolute and relative thresholds, we
have considered a set of 105 frames from 14 different QCIF se-
quences. Each frame includes between 1 to 38 erroneous MBs.
In all the frames under consideration, there are a total of 10 395
MBs, out of which 667 MBs are erroneous. Some of the MBs are
only slightly erroneous and have hardly visible artifacts. Since
here the emphasis is only to detect visible errors, nonvisible er-
roneous MBs are considered as not detectable. In our experi-
ment there were a total of 121 nonvisible erroneous MBs, and,
hence, only 546 subjectively erroneous MBs remain to detect.

The  absolute threshold for a  parameter =,
xz € {AIDB,MPDg,IAIDB}, is determined by plot-
ting a histogram of the numbers of corrupted and noncorrupted
MBs for each possible value of x of the luminance and
chrominance (where applicable) components. These graphs
are shown in Figs. 8-10 for AIDB, MPDg and IAIDB,
respectively. In each graph the y-axis is the number of MBs
(logarithmic representation shifted by 1) for each = value on
the x-axis. The solid and dotted lines correspond to correct
(nonerroneous) and corrupted MBs, respectively. It can be
observed in Fig. 8(a) that all the noncorrupted MBs have values
of AIDB less than 75. However, some corrupted MBs also have
values less than 75. These are mostly nonvisible erroneous
MBs. If we take a threshold less than 75, then many correct

AIDB
(©

MB boundary analysis. Distribution of number of MBs (y-axis) for different values of AIDB (x-axis). Nonerroneous MBs (solid lines) and erroneous

MBs will be detected as erroneous. However, most of the
visibly erroneous MBs can be detected if we take any threshold
above 75. To be on the safer side, the absolute threshold
for AIDB is fixed as 100 for luminance 75 for chrominance
components. Similarly, observing Fig. 9(a), there is no value
of MPDyg for the luminance component, which can be used as
a threshold such that no correct MB is detected as erroneous.
However, for chrominance components as shown in Fig. 9(b)
and (c), a value of MPDg equal to 100 can be chosen safely
as a threshold. Since the inner boundary analysis is applicable
only for luminance components, Fig. 10 shows the histogram
of IAIDB for luminance only. From the graph it can be seen
that for inner boundary analysis, the absolute threshold of 100
can be chosen safely.

Next is the calculation of the relative thresholds for AIDB,
MPD,,, TAIDB, TAIDByeq, and MPD4°, The AIDB,
MPDg and IAIDB are used to detect the erroneous MBs in both
first and second passes. However, IAIDByjocc and MPD%’IOCk
detect MBs with only one or two erroneous DCT blocks. Also,
MPD, and AIDB(M : N,S, W) are used to detect the first
erroneous MBs in the slice. In this work, we determine the rela-
tive thresholds for AIDB, MPDg and IAIDB individually (7 for
each), but relative thresholds for (IAIDByjeq, and MPD3°)
and [MPD4 and AIDB(M : N, S, W)] are determined jointly.

In order to determine an optimal Valum é ; @Krameter
x, we calculate = for each MB within a £ are its
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Fig.9. MB mean pixel value analysis. Distribution of number of MBs (y-axis) for different values of MPD (x-axis). Nonerroneous MBs (solid lines) and erroneous

MBs (dotted lines). (a) Y-components. (b) U-component. (¢) V-component.

DCT blocks inner boundary analysis (Y-component)
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Fig. 10. DCT blocks inner boundary analysis. Distribution of number of MBs
(y-axis) for different values of IAIDB (:-axis). Nonerroneous MBs (solid lines)
and erroneous MBs (dotted lines).

value with 77! = 4 + no for that frame at a fixed 7. If for an
MB, z > T*°, that MB is considered as erroneous, and is then
compared with our known database of erroneous MBs to iden-
tify that whether this MB is counted as correct (C') or wrong
(W). This process is repeated for all the 105 frames under con-
sideration for the same value of 1. The PCD and PCW are then

calculated from the total counted C' and W (for all frames), re-
spectively with a known value of erroneous MBs (E) (in our
experiment £/ = 546). The entire process is repeated for var-
ious values of € {1,2,...,6} and for luminance and chromi-
nance components separately. The PCD and PWD against 7 for
AIDB, MPDyg, and TAIDB are plotted in Fig. 11(a)—(c), respec-
tively. As expected, at lower values of 7, there are more wrongly
detected erroneous MBs than correctly detected erroneous MBs
(W > C). As the threshold (or 1) increases, the number of cor-
rectly detected erroneous MBs decreases, however the number
of wrongly detected erroneous MBs decreases much faster than
that of correctly detected erroneous MBs. The best value of 7 for
ahigh PCD and small PWD is between 3 and 5. From the graphs
in Fig. 11, it can be observed that n = 4 (for AIDB), n = 4 (for
MPDg), and n = 3 (for IAIDB) are the best choices. These
values are used to detect the erroneous blocks in the first pass,
whereas in the second pass, each of these is reduced by one.
Since at these values of 7, although there are very few wrongly
detected MBs, but only 20%—-30% of erroneous MBs is detected,
the relative threshold of these parameters individually is not suf-
ficient for error detection. However, if they are used together, the
detection efficiency can be improved drastically.

There are some cases in which the three thresholds deter-
mined so far may not be sufficient to detect errors. One of such

case is when an MB contains only one gr two erronegus DCT
blocks. In order to detect such MBs, we gﬁﬁé&l@ﬁdividual
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components. (a) MB boundary analysis. (b) MB mean pixel value analysis. (c) DCT blocks inner boundary analysis.

DCT block boundary parameter (IATDByc) and the DCT
block mean pixel parameter ( MPD5'*). An MB is consid-

ered erroneous if both of these parameters are larger than their
respective relative thresholds. Through computer simulations,
we obtained that (4, 3) pair of relative thresholds gives min-
imum number of wrongly and maximum number of correctly
detected erroneous MBs. Since our correction technique starts
from the first erroneous MB, it is very important that it should
be detected correctly. Normally, the first erroneous MB in a
slice is only slightly erroneous (they mainly belong to back-
ground), it is very likely that it may not be detected by any
of the methods discussed above. For this purpose, we analyze
the MBs preceding the first detected so far, with the parame-
ters AIDB(M : N, S, W) and MPDy. Again if both of these
parameters for an MB are greater than their respective relative
thresholds, the MB is considered as erroneous. The computer
simulations suggest that the pair of (2, 2) for  detect maximum
number of first erroneous MBs in a slice correctly. The relative
and absolute thresholds of all the parameters are summarized in

Table 1.
B. Performance of the Algorithm

In order to evaluate the performance of our error detection
and correction technique, we have considered one frame of the

TABLE 1
VALUES OF ABSOLUTE AND RELATIVE THRESHOLDS
USED FOR ERROR DETECTION

Parameter ‘x’|Absolute threshold Relative threshold (1)
luminance/Chrominance/luminance |chrominance
AIDB(M:N, S, 100 75 4 4
W, E)
MPDyg - 100 4 4
IAIDB 100 - 3 -
TAIDByjock & - - 4,3) -
MPD3block
AIDB (M:N, S, - - 2,2) -
W)
& MPD,

Salesman sequence decoded from a 64-kb/s H.263-coded bit
stream, shown in Fig. 12(a). The errors are artificially intro-
duced in the bit stream, and the erroneously decoded frame is
shown in Fig. 12(b). The error detection and correction algo-
rithm is recursively applied to this erroneous frame, and de-
coded images at each step are given in Fig. 12(c)—(f). By com-
paring these frames, it can be seen that applying error detection
and correction each time improved the quality of the decoded

frame. After four iterations, the detectol;ﬁ!:r_lo 5 tects any
additional erroneous MBs except the in egrg Bs, and
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Fig. 12. Results of recursively applying error detection and step-by-step
decoding based correction. (a) Nonerroneous frame. (b) erroneous frame.
(c)—(f) Reconstructed frame after recusive error detection and correction at
each step.

hence the program will terminate. As can be seen from Fig. 12(f)
each erroneous slice has now only one erroneous block, which
can be concealed better than that of Fig. 12(b). Thus, our pro-
posed technique is highly efficient in restricting the erroneous
area.

C. Performance Over Binary Symmetric Channel

To test the performance of our technique over some lossy
channels, we have considered simple binary symmetric channel
(BSC). This is because for a given BER, the BSC model is actu-
ally the worst model yielding the highest probability of error in
the slice as compared to channels with correlated errors (burst
errors). For our experiment we have considered 2 QCIF (176 x
144) video sequences in 4:2:0 YUV format, namely Claire and
Salesman, at temporal resolution of 10 f /s, coded at 64 kb/s and
transmitted over BSC with different BER. It should be noted that
Claire is a simple sequence with only lips and head movement,
however, Salesman is relatively complex sequence, having com-
plex texture with more motion. It is assumed here that the picture
and slice headers including LQUANT and LMVYV are not cor-
rupted. To provide statistically significant results, all the exper-
iments are performed for 100 independent channel conditions.
The overall PSNR of a frame is measured as

2552

PSNR = 10logyg (MSE(Y)+MSE(U)+MSE(V))
3

(12)

where MSE(X), X € {Y,U,V} is the mean-squared error
of component X averaged over all independent channel real-
izations. The overall video quality is also measured in terms
of PSNR, with each MSE is averaged over all frames and all
channel conditions. In all these experiments, the first frame
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Fig. 13. Performance comparison of proposed and conventional methods
with and without spatial concealment for first (intra) frame at different BER for
sequence (a) Claire and (b) Salesman.

is coded as I-frame and the subsequent frames are coded as
P-frames. The effects of channel errors are analyzed separately
for I- and P-frames.

In the first experiment, we have considered first frame of each
sequence, which are coded as I-frame with quantization scale
(q = 13, default in TMN coder) and are transmitted over BSC at
six different BER (1072, 2x 1073, 5% 1073,1072,2x1072, and
5 x 1072). The overall PSNR for the conventional and our pro-
posed decoder, each with and without concealment at different
BER are plotted in Fig. 13(a) and (b) for Claire and Salesman
sequences, respectively. It should be noted here that since the en-
coder uses the same quantizer, the number of bits generated for
I-frames varies from sequence to sequence (approximately 17 K
for Claire and 18 K for Salesman), and, hence, at the given BER,
the number of erroneous bits are different. Comparing the re-
sults, it can be observed that our proposed error detection and
correction without concealment results in 2—-5 dB improvement
for Claire and 3.5-6 dB for the Salesman sequence over the con-
ventional H.263 decoder. Further, it can be observed that use
of spatial concealment with conventional decoder degrades the
picture quality, since the use of erroneous MBs for conceal-
ment causes errors to spread. Also, some nonerroneous MBs
may be concealed, which degrades the pIer%@thQﬁ] Since
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Fig. 14. Frame-by-frame performance comparison of the proposed method
with conventional with and without concealment for inter (P) frames transmitted
over BSC with BER = 102 for sequence (a) Claire and (b) Salesman.

our method limits the error propagation to a few MBs only, con-
cealment further improves the results by up to 0.6 dB for Claire
and up to 2 dB for Salesman sequence.

To evaluate the performance for P-frames, we have coded the
entire video sequence at 64 kb/s with first frame as intra (I) and
the remaining as P-frames. The I-frame is transmitted error free
while all the other frames are transmitted over lossy BSC with
BER ={2x107%5x 1074 1x1072,2x 1073,5 x 1073},
Fig. 14(a) and (b) show the frame-by-frame comparison of the
overall PSNR of our method with the conventional one (both
with and without temporal concealment) for the two test se-
quences at the BER = 103, for Claire and Salesman, re-
spectively. From these graphs, it is apparent that our proposed
method consistently gives improvement over the conventional
decoder. However, the relative improvement with concealment
is more than that without concealment. This can be attributed to
the fact that the isolated grayed (perhaps erroneous) MBs in our
method can suitably be concealed. Further, it should be noted
that apart from iterative decoding, our method utilizes only up
to 1.2% additional bit rate (due to the addition of LMVYV and
LQUANT in slice header), and thus under no-error conditions,
frames can be reconstructed without any significant loss in the
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(d)

Fig. 15. Claire sequence (frame 88) coded at 64 kb/s with BER = 1032,
(a) without error. (b) Conventional without concealment. (c¢) Proposed
without concealment. (d) Conventional with concealment. (e) Proposed with
concealment.

Fig. 16. Salesman sequence (frame 88) coded at 64 kb/s with BER = 103,
(a) Without error. (b) Conventional without concealment. (c¢) Proposed
without concealment. (d) Conventional with concealment. (¢) Proposed with
concealment.

quality. However, under the lossy channel conditions, some of
the MBs are shaded with gray color or concealed, which results
in the loss of subjective and objective quality.

Figs. 15 and 16 show the visual comparison of the 88th frame
of each sequence (including accumulation of errors). In each of
these figures, the top one is the corresponding decoded frame
under a no-error condition, and the remaining four are the de-
coded frames at BER = 10~3. In each case, the left column cor-
responds to the conventional decoder and the right column to the
proposed decoder; the middle row is without concealment and
bottom row is with concealment. In Fig. 15, by comparing (b)
and (c), it can be seen that the proposed method corrects many of
the erroneous MBs, which are visible in (b in (c).
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Fig. 17. Performance comparison of proposed and conventional methods with

and without spatial concealment for P-frame over BSC at different BER for
sequence (a) Claire and (b) Salesman.

Furthermore, comparing (b) with (d), it can be observed that al-
though concealment corrects many of the MBs around the body
of Claire, during the concealment some of the corrupted MBs
from the previous frame are also added. However, the conceal-
ment with our method shown in (e) does not suffer from such
problems and can correct most of the MBs. The small distor-
tion around the right side of the face including the right eye is
due to the fact that motion vectors estimation in the temporal
concealment is never perfect. Similarly, in Fig. 16 for the 88th
frame of Salesman, our method corrects many of the erroneous
MBs and results in mostly isolated grayed MBs that can better
be concealed.

Finally, Fig. 17 illustrates the comparison of resulting overall
video quality of the two test sequences for baseline H.263,
data-partitioned (DP) mode in H.263 and proposed methods
(each with and without concealment) at various BERs. The
overall video quality is represented in terms of PSNR defined in
(12), where each MSE(X), X € {Y, U, V} is averaged over all
frames and all 100 independent channel conditions. It is worth
mentioning here that our method consistently outperforms the
conventional one (baseline H.263) at all BERs, but relative
improvement is higher at lower BERs than higher BERs. When
compared with data-partitioned (DP) mode, which uses RVLC
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for motion vectors, our method is inferior if no concealment
is used, but with concealment our method outperforms by
2.3-4 dB and 0.8-2.5 dB for Claire and Salesman sequences,
respectively. The reason for this can be explained as follows.
Since in DP mode of H.263, only DCT coefficients are lost
and any error in MV is most likely to be corrected with RVLC,
the residual error is far better than our method, which relies
on error detection at frame level. However, with concealment,
in DP mode with RVLC since DCT coefficients are lost after
error, although original MVs are used for concealment, the lost
DCT coefficients cannot be recovered. But in our case, iterative
error correction algorithm recovers the original data for most
of the MBs except the one in which error occurs, despite of not
using the original MVs, the use of concealment technique in
our method gives better results. It is interesting to note that the
temporal concealment improves the results in each case, but rel-
ative PSNR improvement of our method over conventional and
RVLC method is greater with the concealment than without.

V. CONCLUSION

In this paper, we have proposed a novel error detection and
correction technique for H.263 coded video over BSC chan-
nels. We have suggested and analyzed the criteria for detecting
erroneous MBs in a decoded frame and found that these cri-
teria are sufficient to detect most of the erroneous MBs. The
information about each MB, whether erroneous or not, along
with the received bit stream are then used in a step-by-step de-
coding-based correction. The simulation results show that iter-
ative use of our technique can recover frames from the corre-
sponding corrupted frames without using any reverse channel
or channel coding for BER up to 0.005-0.01 over BSC. Since
proposed method is used at the decoder, no significant loss of
quality is observed under no-error condition, which otherwise
is very common with channel coding. The spatial and temporal
concealment can better be utilized to further improve the quality
with our method. Since the error detection is performed at frame
level, the quality of decoded image is a constraint on its perfor-
mance. Thus, the channel BER and transmission rate will af-
fect the error detection. Further, since correction and detection
are applied iteratively at slice level, the decoding time is much
larger compared to the conventional decoder. The decoding time
increases with the increase in channel BER.
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scheduling with temporal distant constraints. NP-completeness
results and polynomial time algorithms for a restricted instance
of the problem are given in [11]. In spite of the similarities
to the current problem, the approximation results for single
machine scheduling problems cannot be applied to AV object
scheduling because of an entirely different problem domain and
additional constraints on AV object scheduling. Approximation
algorithms are based on heuristics and domain knowledge is
essential to develop good designs. Even though the results of
single-machine scheduling are not directly applicable to AV
presentations, some of the results can be used in scheduling
individual objects on a channel. The results of single-machine
scheduling problems as formulated by Lawler in [19], [20] may
be used to determine the schedulablity of individual objects.

C. Complexity of Audio Visual Object Scheduling

Theorem 1: Scheduling of an AU in AV presentations (SAV)
is NP-complete in the strong sense.

Proof: We prove this by transforming the problem of se-
quencing within intervals (SWI), proven to be NP-complete in
the strong sense [8].

We restate SWI below:

Instance: A finite set 1" of tasks and, for each ¢t € T, an
integer release time 7(¢) > 0, a deadline d(t) € Z T, and a
length I(t) € ZT.

Question: Does there exist a feasible schedule for 7', i.e., a
function o : T — Z7, such that for each t € T, o(t) >
r(t), o(t) + I(t) < d(t), and if ' € T — {t}, then either
o)+ 1) < o(t)ora(t) > o(t) +1(t)?

The basic units of the SWI problem are the tasks ¢ € 7.
The local replacement for each ¢ € T is a single AU A (k)
with 7(4;(k)) > T; (k — 1), d(t) = ijl(k:), 1(t) = d;(k).
We disregard the buffer and startup delay constraints. It is
easy to see that this instance can be created from SWI in
polynomial time. Since SWI can be transformed to SAV,
SAV is at least as hard as SWIL.

Since SAV is NP-complete in the strong sense, it cannot be
solved by a pseudopolynomial-time algorithm. We present sev-
eral polynomial-time algorithms based on heuristics and con-
straint relaxation and evaluate their performance with respect to
speed and efficiency.

III. BOUNDS ON STARTUP DELAY AND TERMINAL BUFFER

An MPEG-4 terminal has a finite buffer to store the received
data until they are decoded. The amount of buffer capacity re-
quired depends on the type and number of elementary streams
being buffered. Since there are usually no limits on the number
of objects in AV presentations, it is not practical to have suffi-
cient buffer for all presentations. A terminal should be designed
to support a class of presentations. The amount of buffer avail-
able also determines the upper bound on the startup delay for
a session. The higher the startup delay, the higher the buffer
capacity required (with channel capacity remaining the same).
When scheduling presentations, a scheduler should assume the
minimum allowable buffer for terminals in order to support all
terminal types. Even though the knowledge of the buffer occu-
pancy at a terminal may help improve the schedule, it makes
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the schedule dependent on the buffer model used by the termi-
nals. Since the buffer model and management in a terminal de-
pends on terminal design, we designed the scheduler to be buffer
model independent.

Startup delay can be defined as the time a user has to wait
from the time a request is made until the time the presentation
starts. A startup delay of T is not equal to buffering 7’ sec-
onds of the presentation. The amount of startup delay varies
from presentation to presentation and even for the same presen-
tation, it may vary with varying resources (e.g, bandwidth and
buffer). Startup delay can be viewed as preloading the beginning
of a presentation so that the presentation is played back contin-
uously once the playback starts. The amount of startup delay re-
quired for the smooth playback of a presentation depends on the
channel capacity. For any channel, the minimum startup delay
is the time needed to transmit (buffer) AUs that are presented at
time 0 (AUs with timestamp 0).

Consider a presentation composed of several images dis-
played on the first screen, followed by an audio track. The
images to be displayed on the first screen should reach the
terminal before the presentation starts, resulting in a startup
delay. If the channel bandwidth reserved for the presentation
is allocated based on the low bitrate audio stream that follows
the images, the startup delay will be higher. On the other hand,
if the higher bandwidth is reserved to minimize the startup
delay, the capacity may be wasted during the remainder of the
presentation when low bitrate audio is delivered. The tradeoff
depends on resource availability and startup-delay tolerance of
the application.

Given a startup delay 75, the buffer required is equal to the
size of the objects that can be loaded (transmitted to the client)
in time 7. The minimum buffer required for this delay is 7> C.
The minimum startup delay for any presentation is equal to the
time required to transmit (load) the objects/instances to be dis-
played at time 0. We refer to this time as 70. T2 is the op-
timal startup delay for startup delay-optimal schedules and is
the lower bound on startup delay for bandwidth-optimal sched-
ules.

A. Residual Data Volume

We introduce the notion of data volume to quickly compute
the minimum startup delays needed for a presentation and de-
termine the nonschedulability. Data volume (V;) is the amount
of data (in bits) transferred during a session. The amount of data
that can be carried by a channel during a session is the data
pipe volume (V,, = C * D,,). The amount of data volume ex-
ceeding the data pipe volume is the residual data volume (V;es =
Va— V). A positive Vies gives the lower bound on the amount
of data to be loaded during startup and hence determines the
lower bound on the startup delay for a presentation. A negative
value of V.. indicates unused channel capacity during the ses-
sion. We prove the lower bound on channel capacity required in
Theorem 2.

Theorem 2: For a presentation of duration D, the lower
bound on channel capacity required for a startup delay-optimal
schedule is

C > Cuin, Wwhere Cpin = g_‘;
TLFeBOOK
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Proof:

Vi=) s;(k)

7.k
D, = max {T]‘-l(n]-)} — min {T;-i(nj)} .
J J

For a presentation of length D,, the data pipe volume at the
given pipe capacity is

Ve =CxD,.

Assuming that the buffers are filled up at a rate C, the startup
delay due to Vi, is

(Va—Vp)
Tres — .
s C

To minimize the startup delay

(Va—Vp)

TI'BS —
s c

:0=>Vp:Vd.

Since V,, = C * D,, substituting V,, we get the lower bound
on the channel capacity
Vi
Cmin = 5
Dy
From constraint (1)

T5(1) < TjH(1) — dj(1) = T5(1) < Tj(1) - 5i(1)

J

From constraint (2)

5;(0)
ot

T5(1) > T5(0) +

Assuming that the presentation starts at time 0

Similarly

Té(nj) > 2

J

Since the AUs are transmitted on a single channel

Dy = max {T;l(nj)} 2 Z icf)) + Sjé}) +...+ —Sj(gj)

1 1
Dpzagsj(k)iDpZ6*Cmin*Dp:>CZCmin'
o
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Fig. 3. Example to prove the tightness of the bound.

We can show that the bound is tight by considering the ex-
ample as shown in Fig. 3.

Object 1 has two AUs and object 2 has one AU. The decoding
times and sizes of AUs in bytes are

T (1) = 4,
51(1) = 10,

T{(2) = 10,

81(2) = 5,

T5(1) =8,
s55(1) = 10.

With these values, the send times and channel capacity are
Ti(1) = 0, T7(2) = 8, T5(1) = 4and C = Cpjn = 2.5
bytes/s.

The actual channel capacity required to minimize startup
delay may be higher depending on the timing constraints of
AUs. Note that irrespective of the channel capacity, the min-
imum startup delay remains nonzero and is equal to 7.

Thus, for any given presentation with resource constraints,
the minimum startup delay is 7" = max {77, T"}, the min-
imum buffer capacity required is By, = TSmin * C, and the
presentation is schedulable only if the available buffer is at least
equal to Bpip-

IV. SCHEDULING ALGORITHMS

In this section we describe a family of scheduling algorithms
for AV object scheduling. Given an AV presentation, the sched-
uling algorithms compute a delivery schedule according to the
selected criteria. We assume that the terminal buffer is fixed and
compute startup delay-optimal or bandwidth-minimizing sched-
ules. The algorithms can also be repurposed to compute the min-
imum terminal buffer required for a given channel capacity.

A. FullSched Algorithm

This algorithm is based on the last-to-first idea mentioned in
[20] for scheduling jobs on a single machine. The main principle
behind this algorithm is scheduling an AU with latest deadline
first and scheduling it as close to the deadline as possible. The
algorithm computes the schedule starting with an AU with the
latest decoding time in the presentation. This algorithm com-
putes the schedule, the required startup delay, and any channel
idle times. The channel idle times computed are used in the
gap-scheduling algorithm described in Section IV-B.

Let S be the set of current AUs to be scheduled. Initialize S
to contain the last AU of each of the objects to be scheduled. Let
z; be the index of the next AU of object j to be scheduled

Ty = nj, 1 S j S N.
Initialize S = {A4;(z;)},1<j<N.S
7 to be scheduled next. S contains at m!

s the AU of object

&1 BQROK: every
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object j. G is the set of channel idle times. Idle time is given
by a tuple (¢, d), i.e, the channel is idle for duration d starting at
time ¢. Initialize G = {¢}. Set current time ¢ = co. Sort AU of
objects in the decreasing order of their decoding times.

BEGIN
while (S # ¢)
i = min{i, max{T}(k)}}, T{(k)> A;(k)e S

T:(zj) = i — dj(z;); //send time for
Aj(zj)

i— =dj(xz;); // Update i

."Bj——;

// Update S by removing S(j) from S

S—=50);

// add Aj(l’j) to S

if (z; #0)

S+ = AU(j, z;)

if (i> max{T]‘»i(k)}), T]?i(k) > A;k)e s
// there is a gap on the channel
G+ = ({max{Tj‘»l(k)} , 0 — {max{TJd(k)})
}
if 15, <0
then TS = |T§rst|
T]d(k)+ = Te ’
END

Vi, k

The process begins with S initialized with the last AU of each
of the objects in the presentation and G initially empty. In each
of the iterations, the AU with the latest decoding time is sched-
uled as close to the decoding time as possible. Ties are broken
arbitrarily. Once the AU of an object is scheduled, the next AU
of that object is added to S as long as there are AUs to be sched-
uled. The current time is given by 7. A value of ¢ greater than the
largest decoding time of AUs in S(max{T}'(k)}) indicates idle
time on the channel (gaps or slots). The channel is idle because
nothing can be scheduled between max{7’f(k)} and i. This is
illustrated in the example below.

Example: Consider two objects: object O; with two AUs and
object Oy with one AU with duration on channel, d, and de-
coding time stamp, T given as a set of tuples (d,T). O; =
{(7,7),(10,21)} and Oy = {(5,6)}. After A;(2) is sched-
uled, at time 77(2) = 11, nothing can be scheduled between
T¢(1) = 7 and current time i = 11 resulting in a gap on the
channel. A negative value of the send time indicates that the AU
has to be transmitted before the presentation starts giving rise to
a startup delay. The FullSched example is depicted in Fig. 4.

When S becomes empty, i.e., all AUs are scheduled, a neg-
ative value of ¢ indicates the required startup delay for the pre-
sentation and G gives the set of gaps on the channel. Since the
decoding times T} (k) are all nonnegative, once ¢ becomes neg-
ative, there are no gaps on the channel indicating that the AUs
are tightly packed. A gap is not an indication of the subopti-
mality of the schedule. However, it may indicate the subopti-
mality of the bandwidth-optimized schedule, i.e, it may be pos-
sible to schedule the presentation at a lower bandwidth. When
N = 1, this algorithm can be used to determine the schedula-
bility of individual objects and determine the unschedulability
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Fig. 4. FullSched example.

of a presentation. This is especially useful during the content
creation process where objects are added to create presenta-
tions. When an object is added during an editing operation, it
is faster to determine the unschedulability of a presentation by
computing the independent schedules of objects and adding the
startup delays of the independent schedules. However, a full
schedule should still be computed after the editing operations to
determine the schedulability of the presentation under given re-
source constraints. This algorithm is not efficient in computing
the schedulability during the content creation process, as the full
schedule needs to be recomputed every time an object is added.
We next present a gap-scheduling algorithm that computes in-
cremental schedules to determine the schedulability of a pre-
sentation and is well suited for the content creation process. We
also prove that FullSched and gap-scheduling algorithm com-
pute startup delay optimal schedules.

Theorem 3: Algorithm FullSched produces a startup delay-
optimal schedule.

Proof: The algorithm selects an AU with the latest de-
coding time and schedules it as close to the deadline as possible,
i.e., the algorithm schedules the AUs in nonincreasing order of
their decoding times. On a conceptual timeline, with time in-
creasing from left to right, we are stacking the AUs as much to
the right as possible. Gaps occur only when there is nothing to
be scheduled in that gap. Any (or part of) AUs that appear to the
left of the origin (time = 0) give the startup delay. Since the al-
gorithm always moves the AUs to the right whenever possible,
the startup delay is minimized. A smaller startup delay is not
possible because, it would mean moving the AUs to the right
implying that there is a usable gap on the channel. This cannot
be the case because the algorithm would have scheduled an AU
in that gap!

B. GapSched Algorithm

The gap-scheduling (GapSched) algorithm schedules AUs in
the available gaps on a channel. It starts with available gaps on a
channel and tries to fit an AU or a partial AU using the SplitAnd-
Schedule procedure. The initial set of gaps may be obtained by
using FullSched to schedule a single object. The algorithm looks
for the first available gap starting at a time less than the decoding
time of the AU to be scheduled. Since G is already sorted in the
decreasing order of gap times, the look up can be done very ef-
ficiently. If the gap duration is not long enough to fit an AU, the
AU is split, with one part scheduled in the current gap and the
other added to S to be scheduled next. The AUs in the presen-
tation are iteratively scheduled until S becomes empty.

S contains all the AU of the object 1S = bél (k) 1 <
k < nj,and j € {N}. Sort AUs in S j;l-ﬂfeetﬁ Qang order
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of their decoding times. G' = set of available slots # {¢}. G(I)
is the Ith tuple in G with start time G({).t and duration G({).d.
k= ;.

BEGIN
while (S # ¢)
find a slot [,
T]‘»l(k) > G(l).t
if (G(l) d>dj(k)) {
T; (k) = G(I).t — d;(k)
tlme for A; (k)
k-—;
// update the gap
if (G(l).d—dj(k) > 0)
G(l).d = G(l).d — d;(k)

G(l), such that

//send

else
G- = {G()};
// remove AU from the set
S— = AJ(]C),
}
else{
PROCEDURE SplitAndSchedule
(A;(k), G(1);
}
}
END

Split the AU into two parts, one part that is scheduled in G(I)
and the other that is placed back in S.

PROCEDURE SplitAndSchedule (A4,(k), G(I))
{

Create a subAU of length G(I).d with
the last G(I).d+*C bytes of the AU.

t5(k) = G(1)-t;
d;(k) = d;(k) — G(1).d
}G——{G()}r

C. IncSched Algorithm

The incremental scheduling (IncSched) algorithm computes
the schedule for a presentation by considering one object at a
time. This is a typical content creation scenario where objects
are composed to create a presentation. Instead of recomputing
the full schedule with FullSched algorithm each time an object
is added, this algorithm computes the schedules incrementally
by scheduling the AU in the available gaps. Note that not all the
gaps are schedulable. A gap is unschedulable if there are no AUs
with decoding times greater than the gap time. An unschedu-
lable gap indicates unused bandwidth, which is either due to the
structure of the presentation or due to a suboptimal schedule.
The IncSched algorithm uses FullSched and GapSched algo-
rithms to schedule a presentation. This algorithm appears to be
more efficient than FullSched as it schedules parts of AUs and
fills all the gaps. However, this is only as efficient as FullSched
as far as startup delay is concerned. Splitting the AUs in order
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Fig. 5. Schedules computed using FullSched and IncSched.

to pack the gaps is not going to decrease the startup delay, as the

available channel capacity is the same. The startup delay, like in

other cases, is given by the send-time of the first AU transmitted.
OB is the set of objects in the presentation.

BEGIN
Apply FullSched and compute
schedule for object 1.
//LRG is a sufficiently large
number to accommodate startup delay.
G+ = {(-LRG,i — LRG)}
for j€ OBJ— {1}, apply gap scheduling
GS to j.
for j € OBJ, find tgs:, the send
time of the first AU to be transmitted
(smallest t;(k))
if Tg. o <0
then TQ = |T§rst|
Ti(k)+ = T.,
END

Vi, k

Theorem 4: The IncSched algorithm is startup delay-op-
timal.

Proof: The first object is scheduled using FullSched
producing a startup delay-optimal schedule for that object.
GapSched, when applied iteratively to the remaining objects,
packs the AUs tightly, i.e., an AU is scheduled if the gap time
is less than the decoding time for that AU. The resulting startup
delay is optimal because the algorithm would reduce the startup
delay by moving the AU to the right on the timeline if any
schedulable gap is available.

Example: Consider two objects: O1 with two AUs, and O4
with one AU with duration on channel d and decoding time
stamp T given as a set of tuples (d, T'). O1 = {(7,7),(10,21)}
and Oy = {(5,6)}. The top part of Fig. 5 shows the schedule
computed using FullSched, and the bottom half shows the
schedule computed with IncSched, with object 2 scheduled first
using FullSched. The figure also shows unschedulable gaps in
both the schedules.

There may be cases where splitting the AUs is necessary,
for example, the underlying transport la %?M able to
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Fig. 6. First gap-time and startup delay of a presentation.

handle large AUs. This result shows that AUs can be split while
maintaining the optimality of the schedule. Although the Inc-
Sched algorithm produces an optimal schedule and is useful in
determining the schedulability of a presentation in applications
such as content creation, the schedule generated by FullSched
may be more efficient when the overhead due to splitting and
packetizing is significant.

D. MinC Algorithm

In scheduling AV objects, we have so far answered two ques-
tions: 1) Is the given presentation schedulable under the given
resource constraints, and 2) what is the minimum startup delay
required for this presentation? If the answer to question 1 is neg-
ative (or if bandwidth consumption needs to be minimized), the
question we need to address is what are the minimum amounts
of resources required to schedule the presentation? Since we
cannot make assumptions about decoder buffers in order to keep
the schedules player-independent, the only resource that can be
acquired is the bandwidth (C'). We next present the MinC algo-
rithm that computes the minimum bandwidth (CBR) required to
schedule a presentation.

This algorithm is based on the premise that there is a gap
on the channel only when everything else after the gap-time
has been scheduled. Otherwise, an unscheduled AU would have
taken up the gap. The presentation is not schedulable because
there is not enough channel capacity until the first gap time,
T, (smallest gap time). Consider the case in Fig. 6. T} is the
first gap-time 77"%* is the maximum allowable startup delay
with the current channel capacity, and 7 is the current startup
delay. The channel capacity should be increased to accommo-
date Ty — T"** in the duration T, — T}***. The new value of
C then is Cpew = C * ((Ty — Ts)/(Ty — T™**)). The addi-
tional bandwidth necessary is therefore equal to C' x ((T™* —
T:)/(Ty — T**)). The algorithm also outputs the BP for the
presentation in the form of three tuples (capacity, start, end).
Note that the increased channel capacity is not going to affect
the schedule from Ty to Ti,s. A finer BP can be obtained by
initializing C' with C\,;,, and increasing C' by a small value in
each iteration.

BEGIN

G. = |G|=gap count gap count, number
of gaps on the channel.

BP = {$}

Tast 1s the decoding time of the
first AU scheduled (=duration of the
presentation)

C = Chin.
of theorem 2.

computed using the results
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Fig. 7. Typical BP generated by MinC.

SCHEDULE: compute schedule using
FullSched
If schedulable goto END
if (G, == 0)
Tg = T’last
else {
Tgfold = Tg

Find the smallest gap time, T
BP+ = {<C:Tg:Tg—old>}

}
C=C+Cx (13" - T,)/(Ty — T3™))
goto: SCHEDULE

END

The channel capacity output by the algorithm is in the form of
a set of three tuples forming a BP. The minimum CBR channel
required is given by the maximum value of C' in the BP. This
profile may also be used to reserve session bandwidth efficiently.
Since the schedule is computed from last to first (right-to-left on
the timeline), the BP will always be a step function with possible
steps (decreasing) from left to right. Fig. 7 shows some sample
profiles. This algorithm does not give the best profile to reserve
variable session bandwidth since the algorithm does not reduce
the bandwidth when it is unused. Consider the example shown
in the Fig. 7. At T, a capacity increase is necessary. Suppose
the increase in C' at T is sufficient to schedule the presentation.
It is possible that the presentation from O to 73 could have been
scheduled with a much smaller capacity.

E. BestSched Algorithm

When a presentation cannot be scheduled with the given re-
sources, and additional resources cannot be acquired, the only
way to schedule the presentation is to drop some AUs. AUs
cannot be dropped arbitrarily as they have different effects on
the presentation. Content creators should assign priorities to ob-
jects and possibly AUs of objects to help a scheduler in deter-
mining the AUs to be dropped. The following algorithm sched-
ules a presentation by dropping lower priority objects.

BEGIN
SCHEDULE: Compute schedule using
FullSched.
if (B<=Ts*xC) {
Remove Aj(k) of lower priority ob-
jects such that,
R={A;(k)} 2Cx> dj(k)>T;+C—-DB
A-— = {R}
goto: SCHEDULE
}
END

TLFeBOOK
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Fig. 8. Structure of the presentation in the example.

V. RESULTS AND DISCUSSION

Determining the schedulability of a presentation is of O(n)
complexity, where n is the number of AUs in the presentation.
Both FullSched and GapSched fall under this category. These
algorithms are used to determine the schedulability, compute
an optimal startup delay for the given channel capacity, and for
computing incremental schedules. The MinC algorithm, used to
compute the minimum channel capacity required to schedule the
presentation, calls FullSched iteratively with channel capacity
incremented in each iteration. The number of iterations depends
on the structure of the presentation and the initial value of C.
The complexity of this algorithm is O(Kn) = O(n), where K
is a constant determined by the structure of the presentation and
the initial channel capacity. The proposed algorithms are fast
enough to determine the schedulability of the presentations in
real-time.

The structure of the presentation has significant impact on the
performance of MinC algorithm. To aid the discussion, we con-
sider a relatively complex MPEG-4 presentation with structural
overview as shown in Fig. 8. The properties of the objects in the
presentation are tabulated in Table 1.

In the following discussion we refer to objects by the codes
shown in the first column of the table. The presentation is made
up of 16 objects including scene description, object description,
images, audio, and video. A screenshot of the presentation as
seen in an MPEG-4 player is shown in Fig. 9. The presentation
is composed of three scenes. Before the scenes are loaded, the
scene description and object description streams are received
and decoded by the terminal. The first scene consists of four
jpeg images (I1-14) animated to give a breakout effect. The
scene is encoded to animate the images for 10 s and then load
the second scene. The second scene consists of a background
image (I5), four logos with animation effects (I6-19), and two
images (I10 and I11) with descriptive text of the following AV
scene. The last scene consists of a background image, an audio
stream, and a video stream. The temporal layout of the pre-
sentation is shown in Fig. 8. The times indicated are the de-
coding times of the first AUs of the objects starting at that time.
Thus, the first four images (I1-14), the scene description (S1)
and the object descriptor stream (O1) should reach the decoder
before anything is displayed on the screen. This amounts to the
minimum startup delay for the presentation. The objects I5-19
should reach the decoder by the time ¢ = 10, I10 and I11 by 15,
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TABLE 1
PROPERTIES OF OBJECTS IN THE EXAMPLE

Object Size (KB) Start AU

FileName (ID) Time  Count
Scene.od (O1) 0.5 0 1
Scene.bif (S1) 1 (1025 Bytes) 0 4
Mainl jpg (I11) 25 0 1
Main2 jpg (12) 22 0 1
Main3 jpg (I3) 19 0 1
Main4 jpg (14) 20 0 1
main_ui.jpg (I5) 39 10 1
Advent_logo.jpg (16) 7 10 1
CU_logo.jpg (17) 9 10 1
Lm_logo.jpg (18) 6 10 1
Xbind_logo.jpg (19) 8 10 1
geo_pict.jpg (110) 23 15 11
dance_pict.jpg (I11) 29 15 1
next_page.jpg (112) 51 16 1
clip01.h263 (V1) 552 16 974
clip01.g723 (A1) 64 16 3233

~iLintitled - MPFG4 Player

MPEG4 Inte

4
LAEKNEED MARYIN )

Fig. 9. Snapshot of the player with the scheduled presentation.

and the first AU of V1 and A1, and the object 112 should reach
the terminal by the time ¢ = 16. The video ends at ¢ = 80 while
the audio stream continues until the end of the presentation. The
total length of the presentation is 122. This temporal ordering of
objects in the presentation results in higher data rates toward the
beginning of the presentation (object data to be delivered in the
first 16 s: 261 Kb~ 5 = 130 Kb/s).

A. Startup Delay and Capacity Computation

Fig. 10 shows the plot of the minimum channel capacity re-
quired for a given startup delay. This is a scenario with variable
buffer at the terminal. We assume a work-conserving transport
layer that delivers the objects at the minimum required capacity.
The amount of buffer available at the terminal should be at least
sufficient to store the data during the startup. For a startup delay
of T, if Clyjy, is the min capacity requ1 J:l \%BIQQ uffer at
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the terminal B,;, > 1% * Cnin. This curve is useful to deter-
mine the amount of buffer (delay) required based on the avail-
able network capacity, especially with terminals such as PC’s
with sufficient memory. As mentioned earlier in the discussion
of the MinC algorithm, the MinC algorithm also computes the
BP for presentations.

Fig. 11 shows the BP computed for a startup delay of 5 s. The
minimum capacity in the profile is 59 Kb/s even for the segment
(80-120 s) that only has low bit rate audio (6 Kb/s). This is
because MinC starts with an initial value of C computed using
the residual data volume as described in Section III. This starting
point is acceptable for computing a CBR channel required; for
a profile to be used in reserving variable network resources, a
lower initial value of C should be selected. The final bandwidth
jump in the profile gives the minimum channel capacity required
for the given delay or buffer.

B. Buffer and Capacity Computation

The available buffer at the terminal determines the amount
of startup delay a terminal can support. The available channel
capacity imposes a lower limit on the buffer required. Lower
channel capacity implies higher startup delays, and hence,
larger required buffer. Fig. 12 gives the required buffer at
various channel capacities. This can be directly converted to
the startup delay at that capacity. Computing the capacity for a
given buffer is bit more computationally intensive. Unlike the
previous case where we assumed enough capacity to support
the required startup delay, the buffer capacity is fixed in this
case. This typically the scenario when using dedicated devices
such as set-top-boxed with fixed receiving buffers. Since the
buffer is fixed, the supported startup delay decreases as channel
capacity increases. For MinC algorithm to complete, the reduc-
tion in startup delay due to increased channel capacity should
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be greater than the reduction in startup delay supported by the
buffer.

Fig. 13 shows a case with terminal buffer < By,;,. For the
given presentation B, = 85 Kb, the size of objects to be
decoded at time 0. As discussed in Section III, for a presen-
tation to be schedulable, the available buffer should be greater
than By, the lower bound on the required buffer capacity for
the presentation. Since the terminal buffer is less than the re-
quired buffer, at any given capacity C, the supported startup
delay (Bterm/C) < (Bmin/C), the required startup-delay. The
presentation is hence unschedulable with terminal buffer ca-
pacity of 84 Kb. This is depicted in Fig. 13, which shows the
presentation is unschedulable even at 3323 Kb/s. The plot shows
that no matter how much the channel capacity is increased, the
presentation cannot be scheduled because of limited terminal
buffer. To avoid infinite loops in MinC, the scheduler should
first examine the available and required buffer capacities.

VI. CONCLUSION

We presented the problem of scheduling object-based AV
presentations under resource constraints. The problem is
NP-complete in the strong sense. We explored similarities
with the problem of sequencing jobs on a single machine and
used the idea of last-to-first scheduling to develop heuristic
algorithms to determine schedulability and compute startup
delay-optimal schedules. The proposed algorithms are appli-
cable in optimizing the delivery of any generic object-based
AV presentations and also mixed media presentations described
with formats such as SMIL [30]. The algorithms can be applied
in scheduling object-based MPEG-4 presentations.

We introduced the notion of residual data volume to compute
lower bounds on buffer, channel capacity, and startup delay. De-
termining the schedulability of presentations online is important
for applications like content creation where an additional object
may make the presentation unschedulable. We presented an al-
gorithm that computes incremental schedules and produces a
startup delay optimal schedule. The incllélil:eﬁtggéﬁ&luling is
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very useful in application such as content authoring where au-
thors add and remove objects to presentations during creation.
The IncSched algorithm computes the incremental resources re-
quired to schedule the additional object. Starting with a lower
bound on the channel capacity for scheduling a presentation, the
MinC algorithms minimizes the CBR channel capacity required
to schedule the presentation. The proposed algorithms are of low
complexity and can be implemented efficiently.
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