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Google v Cellular South
Appendix C. Materials Considered 5/8/2025 version

Exhibit

Document

1006

Kouzani, A. Z., He, F., & Sammut, K. (1997, October). Fractal face
representation and recognition. In 1997 IEEE International
Conference on Systems, Man, and Cybernetics. Computational
Cybernetics and Simulation (MVol. 2, pp. 1609-1613). (“Kouzani™)

1006A

Copy of Kouzani, obtained from IEEE.

1006B

Bibliographic and MARC records for IEEE International
Conference on Systems, Man, and Cybernetics, Conference
Proceedings, available at https://lccn.loc.gov/93657490 from the
online catalog of the Library of Congress.

1006C

LOCIS: Library of Congress Information System, archived by
Internet Archive on May 24, 1997, available from
https://web.archive.org/web/19970524160715/http://library.usask.ca
/hytelnet/us3/us373.html; and Profile of the Library of Congress,
available at https://librarytechnology.org/library/2263 from
libraries.org, a directory of libraries throughout the world.

1006D

Bibliographic and MARC records for 1997 IEEE International
Conference on Systems, Man, and Cybernetics. Computational
Cybernetics and Simulation that contains Kouzani, available at
https://catalog.princeton.edu/catalog/9911918883506421 from the
online catalog of the Princeton University Library.

1006E

Profile of Princeton University Library, available at
https://librarytechnology.org/library/2168
From libraries.org, a directory of libraries throughout the world.

1006F

Metadata record for Kouzani, available at
https://ieeexplore.ieee.org/abstract/document/638231 from IEEE
Xplore.

1006G

Citations to Kouzani, obtained from Google Scholar.
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1007

Yang, M. H., Kriegman, D. J., & Ahuja, N. (2002, January).
Detecting faces in images: A survey. IEEE Transactions on Pattern
Analysis and Machine Intelligence, 24(1), 34-58. (“Yang”)

1007A

Copy of Yang, obtained from IEEE.

1007B

Bibliographic and MARC records for IEEE Transactions on Pattern
Analysis and Machine Intelligence that contains Yang, available at
https://lccn.loc.gov/80640328 from the online catalog of the Library
of Congress.

1007C

Profile of the Library of Congress, available at
https://librarytechnology.org/library/2263 from libraries.org, a
directory of libraries throughout the world.

1007D

Webpage of IEEE Transactions on Pattern Analysis and Machine
Intelligence, January 2002 (Mol. 24, No. 1), archived by Internet
Archive on March 2, 2002, and available at
https://web.archive.org/web/20020302204214/http://computer.org/tp
ami/tp2002/iltoc.htm

1007E

Copyright registration record for IEEE Transactions on Pattern
Analysis and Machine Intelligence that contains Yang, available at
https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=15&ti=1,15& SEQ=20250506120806&Searc
h%5FArg=IEEE%20Transactions%200n%20Pattern%20Analysis%
20and%20Machine%20Intelligence&Search%5FCode=TALL&CN
T=25&PID=diZ12SP1GThHhc1ZR2rMXqpA-vkBn&SID=2 from
the public catalog of the US Copyright Office.

1007F

Citations to Yang, obtained from Google Scholar.

1008

Romdhani, S., Blanz, V., & Vetter, T. (2002, May). Face
identification by fitting a 3d morphable model using linear shape
and texture error functions. In Computer Vision—ECCV 2002: 7th
European Conference on Computer Vision Copenhagen, Denmark,
May 28-31, 2002 Proceedings, Part IV, pp. 3-19. Springer Berlin
Heidelberg. (“Romdhani”)
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1008A

Copy of Romdhani, obtained from the publisher, available at
https://link.springer.com/content/pdf/10.1007/3-540-47979-1_1.pdf

1008B

Bibliographic and MARC records for Computer Vision-ECCV 2001
that contains Romdhani, available at
https://lccn.loc.gov/2002070542 from the online catalog of the
Library of Congress.

1008C

Profile of the Library of Congress, available at
https://librarytechnology.org/library/2263 from libraries.org, a
directory of libraries throughout the world.

1008D

Citations to Romdhani, obtained from Google Scholar.

1011

Lubbers, P., Albers, B., & Salim, F. (2010). Pro HTML5
Programming: Powerful APIs for Richer Internet Application
Development. New York: Apress ; Springer. (“Lubbers’)

1011A

Sample pages from a used copy of Lubbers.

1011B

Bibliographic and MARC records for Lubbers, available at
https://uno.ent.sirsi.net/client/en_US/uno/search/detailnonmodal/ent
:$002f$002fSD_UNO$002f0$002fSD_UNO:2320192/0ne from the
online catalog of the University of New Orleans Library.

1011C

Profile of the University of New Orleans Library, available at
https://librarytechnology.org/library/2240 from libraries.org, a
directory of libraries throughout the world.

1011D

Apress webpage of Web Development titles, archived by Internet
Archive on September 17, 2010, available at
https://web.archive.org/web/20100917083011/http://apress.com/boo
k/catalog?category=72

1011E

Apress website for Lubbers, archived by Internet Archive on
September 17, 2010, available at
https://web.archive.org/web/20100917083959/http://apress.com/boo
k/view/1430227907
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1011F

Amazon webpage for Lubbers, archived by Internet Archive on
September 26, 2010, available at
https://web.archive.org/web/20100926221239/http://www.amazon.c
om/Pro-HTML5-Programming-Application-
Development/dp/1430227907

1011G

Citations to Lubbers, obtained from Google Scholar.

1013

Excerpts of Van Vliet, J., & Paganelli, F. (2011). Programming
Amazon EC2. 1st ed. Sebastopol, Calif. : O'Reilly. (“Van Vliet”)

1013A

Sample pages from a used copy of Van Vliet.

1013B

Bibliographic and MARC records for Van Vliet, available at
https://lccn.loc.gov/2011377697 from the online catalog of the
Library of Congress.

1013C

Profile of the Library of Congress, available at
https://librarytechnology.org/library/2263 from libraries.org, a
directory of libraries throughout the world.

1013D

Copyright registration record for Van Vliet, available at
https://cocatalog.loc.gov/cqi-
bin/Pwebrecon.cgi?vl1=2&ti=1,2&Search%5FArg=Programming%?2
0AMazon%20EC2%2E& Search%5FCode=TALL&CNT=25&PID=
ofVjkhDe2ydlgZNceFtUi5BI8r6J9& SEQ=20250506130023&SID=
1 from the public catalog of the US Copyright Office.

1013E

Publisher webpage for Van Vliet, archived by Internet Archive on
March 21, 2011, available at
https://web.archive.org/web/20110321181132/http://oreilly.com/cata
100/9781449393687/#product-details

1013F

Citations to Van Vliet, obtained from Google Scholar.

1014

Tang, X., & Qu, C. (2010). Facial image recognition based on
fractal image encoding. Bell Labs Technical Journal, 15(1), 209-
214. (“Tang”)
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1014A

Copy of Tang, obtained from IEEE.

1014B

Bibliographic and MARC records for Bell Labs Technical Journal,
available at
https://catalog.lindahall.org/permalink/O1LINDAHALL INST/19ld
a7s/alma992781963405961 from the online catalog of the Linda
Hall Library.

1014C

Profile of the Linda Hall Library, available
at https://librarytechnology.org/library/2294
from libraries.org, a directory of libraries throughout the world.

1014D

Copyright registration record for Bell Labs Technical Journal, vol.
15, no. 1, available at https://cocatalog.loc.gov/cqi-
bin/Pwebrecon.cqi?v1=20&ti=1,20&Search%5FArg=bell%201abs%
20technical%20journal&Search%5FCode=TALL&CNT=25&PID=
WDMJ5HAIVHMTWjCmLG3t7ppCoxtCL&SEQ=2025050613082
7&SID=4 from the public catalog of the US Copyright Office.

1014E

Webpage for Bell Labs Technical Journal, vol. 15, Issue 1 (June
2010), archived by Internet Archive on November 27, 2010,
available at
https://web.archive.org/web/20101127224126/http://onlinelibrary.wi
ley.com/doi/10.1002/bltj.v15:1/issuetoc

1014F

Citations to Tang, obtained from Google Scholar.

Appendix
A

Hsieh-Yee CV

Appendix
B

Parts VIl to X of Understanding MARC Bibliographic, available at
https://www.loc.gov/marc/umb/um07to10.html from the Library of
Congress.
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LC Catalog - Item Information (Full Record) https://catal og.loc.gov/vwebv/search?searchCode=L CCN& searchArg-=...

CATAL OG

€ lofl

PERIODICAL OR NEWSPAPER

Conference proceedings

Full Record MARC Tags

Meeting name

IEEE International Conference on Systems, Man, and Cybernetics.

Main title

Conference proceedings / IEEE International Conference on Systems, Man, and Cybernetics.

Published/Created

New York, NY : Institute of Electrical and Electronic[s] Engineers, c1989-

Request this Item A LCFind It
More Information >
LCCN Permalink https://lccn.loc.gov/93657490
Publication history 1989-
Description v. :ill. ; 28 cm.

Issued in parts.

Current frequency Annual
ISSN 1062-922X
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LC Catalog - Item Information (Full Record)

20f 3

Linking ISSN

LC classification

Continues

Continued by

Variant title

Serial key title

Abbreviated title

Related names

LC Subjects

Other Subjects

Form/Genre

Browse by shelf order

Notes

Reproduction no./Source

Additional formats

https://catal og.loc.gov/vwebv/search?searchCode=L CCN& searchArg=...

1062-922X
Q300 .1485a

IEEE International Conference on Systems, Man, and Cybernetics.
Proceedings of the ... IEEE International Conference on Systems, Man,
and Cybernetics (DLC) 93657485 (OCoLC)15064476

IEEE International Conference on Systems, Man, and Cybernetics.
IEEE International Conference on Systems, Man, and Cybernetics.
IEEE International Conference on Systems, Man, and Cybernetics
2163-9590 (DLC) 2011206180 (OCoLC)187462379

Some issues have title: IEEE International Conference on Systems,
Man, and Cybernetics

Conference proceedings - IEEE International Conference on Systems,
Man, and Cybernetics

Conf. proc. - IEEE Int. Conf. Syst. Man Cybern.
IEEE Systems, Man, and Cybernetics Society.

Cybernetics--Congresses.

Systems engineering--Congresses.
Human-machine systems--Congresses.
Technology and state--Congresses.

Cybernetics.
Human-machine systems.
Systems engineering.
Technology and state.

Conference papers and proceedings.
Q300

Proceedings for 1989, 1991-1992, 1995, are cataloged as monographs
in LC.
Sponsored by: IEEE Systems, Man, and Cybernetics Society.

Curran Associates, Inc., 57 Morehouse Lane, Red Hook, NY 12571

Online version: IEEE International Conference on Systems, Man, and
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LC Catalog - Item Information (Full Record) https://catal og.loc.gov/vwebv/search?searchCode=L CCN& searchArg-=...

Cybernetics. Conference proceedings 2577-1655 (DLC) 2018200153
(OCoLC)624332087

Online version: IEEE International Conference on Systems, Man, and
Cybernetics. Conference proceedings (OCoLC)1485043935

LCCN 93657490
Invalid LCCN sn 91032043 92055091 sn 94037075 sn 94037076 2005938111
Dewey class no. 001.53/05
Other system no. (OCoLC)ocm21479523
Additional Links http://ieeexplore.ieee.org/xpl/conhome.jsp?punumber=1000738
Type of material Periodical or Newspaper
Item Availability >
CALL NUMBER Q300 .1485a
Setl

Proceedings for 1989, 1991-1992, 1995, and 2005 are cataloged as
monographs in LC.

Request in Jefferson or Adams Building Reading Rooms
Status Not Charged
Older receipts 1990, 1992-1994, 1996-1998
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LC Catalog - Item Information (MARC Tags)

lof 3

CATAL OG

https://catal og.loc.gov/vwebv/staffView?searchl d=35163& recPointer=...

lof1l

PERIODICAL OR NEWSPAPER

Conference proceedings

Full Record MARC Tags

000 03399cas a2200601 a 4500

001 11423960

005 20250121065659.0

008 900504d198919uunyuar 1 alengc

010 . |a 93657490 |z sn 91032043 |z 92055091 |z sn 94037075 |z sn 94037076 |z
2005938111

022 0_ |a 1062-922X || 1062-922X |2 1

035 - |a (OCoLC)ocm21479523

037 _ |b Curran Associates, Inc., 57 Morehouse Lane, Red Hook, NY 12571

040 - |a IWA |b eng |c IWA |[d MYG |d NST |d ELM |d COO |d NSD |d NST |d OCL |d NST |
d DLC |d MYG |d DLC |d WAU |d MYG |d DLC |d OCLCQ |d BOS |[d MYG |d OCLCO |
d DLC |d OCLCF |d OCLCO |d DLC |d OCL |d OCLCO |d DLC

042 - |a pcc |a nsdp

050 00 |a Q300 |b .1485a

082 00 |a 001.53/05 |2 19

111 2_ |a IEEE International Conference on Systems, Man, and Cybernetics.

210 0_ |a Conf. proc. - IEEE Int. Conf. Syst. Man Cybern.

222 0 |a Conference proceedings - IEEE International Conference on Systems, Man, and
Cybernetics

245 10 |a Conference proceedings / |c IEEE International Conference on Systems, Man, and
Cybernetics.

246 1 |l Some issues have title: |a IEEE International Conference on Systems, Man, and
Cybernetics

260 |a New York, NY : |b Institute of Electrical and Electronic[s] Engineers, |c c1989-
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LC Catalog - Item Information (MARC Tags) https://catal og.loc.gov/vwebv/staffView?searchl d=35163& recPointer=...

300 . lav.:|bill ;|c 28 cm.

310 . |a Annual

362 0_ |a 1989-

500 . |a Proceedings for 1989, 1991-1992, 1995, are cataloged as monographs in LC. |5 DLC

515 . |a Issued in parts.

550 . |a Sponsored by: IEEE Systems, Man, and Cybernetics Society.

590 . |a SERBIB/SERLOC merged record

650 0 |a Cybernetics |[v Congresses.

650 0 |a Systems engineering |v Congresses.

650 0 |a Human-machine systems |v Congresses.

650 0 |a Technology and state |v Congresses.

650 7 |a Cybernetics. |2 fast |0 (OCoLC)fst00885777

650 7 |a Human-machine systems. |2 fast |0 (OCoLC)fst00963500

650 7 |a Systems engineering. |2 fast |0 (OCoLC)fst01141455

650 7 |a Technology and state. |2 fast |0 (OCoLC)fst01145265

655 7 |a Conference papers and proceedings. |2 fast |0 (OCoLC)fst01423772

710 2_ |a IEEE Systems, Man, and Cybernetics Society.

776 08 [i Online version: IEEE International Conference on Systems, Man, and Cybernetics. |
t Conference proceedings |x 2577-1655 |w (DLC) 2018200153 |w (OCoLC)624332087

776 08 | Online version: |a IEEE International Conference on Systems, Man, and Cybernetics. |
t Conference proceedings |[w (OCoLC)1485043935

780 00 |a IEEE International Conference on Systems, Man, and Cybernetics. |t Proceedings of
the ... IEEE International Conference on Systems, Man, and Cybernetics |w (DLC)
93657485 |w (OCoLC)15064476

785 00 |a IEEE International Conference on Systems, Man, and Cybernetics. |s IEEE
International Conference on Systems, Man, and Cybernetics. |t IEEE International
Conference on Systems, Man, and Cybernetics |x 2163-9590 |w (DLC) 2011206180 |
w (OCoLC)187462379

850 L |a CoU |a DLC |a laAS |a InLP |a MCM |a MiU |a NIC |a WaU

859 41 |u http://ieeexplore.ieee.org/xpl/conhome.jsp?punumber=1000738

890 . |a Conference proceedings (IEEE International Conference on Systems, Man, and
Cybernetics) |i 93-657490

906 . |a 7 |b cbc |c serials |d u |e ncip |f 19 |g n-oclcserc

920 . |a Keep 1

984 - |a srvf |[d 2000-12-16

985 _ |e eserial 200406

991 o Ib c-GenColl |h Q300 |i .1485a |w SERIALS

991 o |b c-GenColl |h Q300 |i .1485a |p 00058893638 |t Copy 1 |v 1 * 1998 |w CCF
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LC Catalog - Item Information (MARC Tags) https://catal og.loc.gov/vwebv/staffView?searchl d=35163& recPointer=...

992 __ |bBIL |wSERLOC
Request this Item A LCFind It
Item Availability >
CALL NUMBER Q300 .1485a
Setl

Proceedings for 1989, 1991-1992, 1995, and 2005 are cataloged as
monographs in LC.

Request in Jefferson or Adams Building Reading Rooms
Status Not Charged
Older receipts 1990, 1992-1994, 1996-1998
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LOCIS: Library of Congress Information System

lof1

https://web.archive.org/web/19970524160715/http://library.usask.ca/hyt...

The Wayback Machine - https://web.archive.org/web/19970524160715/http://library.usask.ca:80/hytel net/us3/us373.html

LOCIS: Library of CongressInformation System

TELNET locis.loc.gov

No login required

1 Library of Congress Catalog 4  Braille and Audio
2 Federal Legislation 5 Organizations
3 Copyright Information 6 Foreign Law
7  Searching Hours and Basics
8 Documentation and Classes
9 Library of Congress General Information
12 Comments and Logoff
LIBRARY OF CONGRESS CATALOG
CHOICE
1 BOOKS: English language books 1968-, French 1973-, German,
Portuguese, Spanish 1975-, other European languages 1976-77,
non-European languages 1978-79. Some microforms 1984-.
2 BOOKS earlier than the dates above. Some serials, maps,
music, audiovisual items.
3 Combination of files 1 and 2 above (LOCI and PREM).
4  SERIALS cataloged at LC & some other libraries since 1973.
5 MAPS and other cartographic items cataloged at LC 1968-
and some other research libraries 1985-. Atlases (which
are books) are in LOCI and PREM.
6 SUBJECT TERMS and cross references from LC Subject Headings.
12 Return to LOCIS MENU screen.

LOCTIS : LIBRARY OF CONGRESS INFORMATION SYSTEM
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Library of Congress -- Library of Congress https://librarytechnology.org/library/2263

libraries.org

A directory of libraries throughout the world

e Home »

e Libraries »

e Guides

e Documents

e Vendors »

e Products »

e News

e Procurement

¢ Member Login »

found 3 items where the item contains Library of Congress. Showing item 2 of 3.

[<< prev] [next >>] search: [:]

Library of Congress
United States -- Library of Congress

Address: 101 Independence Avenue SE

Washington, District of Library Hours
Columbia Day Open Close
20540
United States Sunday Closed
Phone: 202-707-5000 Monday  8:30am  8:30 pm
Connect to: Library Web Sitev/ Online Tuesday ~ 8:30am  8:30 pm _
Catalog Wednesday  8:30am  8:30 pm Library of Congress
Library details: Library of Congress is a Thursday  8:30am  8:30 pm
National library. Friday = 8:30am  5:00 pm -
Thls library is affiliated Wlth Saturday  8:30am  5:00 pm
Library of Congress (view
map) . The collection of the
library contains 175,000,000 @
volumes. The library circulates 250,000 items per year. 4
[
Other Info: Went live with Voyager on August 15, 1999. Currently planning to implement the o
Library Collections Access Platform (LCAP) on FOLIO and EBSCO discovery
services in FY25.
Permalink: https://librarytechnology.org/library/2263 Go gle Map data ©2025 Google %
(Use this link to refer back to this listing.) map locations’

Administration: The director of the library is Dr. Carla Hayden .
Related Libraries

Organizational structure: The library is part of a publicly-funded organization. It operates on
a Non-profit financial model. e All members of the Association of

Research Libraries members

¢ Directory of ARL Member
Libraries

e Libraries located in Washington
(District of Columbia)

e all National libs in District of

Affiliations: The library is a member of the Association of Research Libraries

Collection size 175,000,000 volumes Columbia

Annual Circulation 250,000 transactions About libraries.org

libraries.org is a free directory of libraries
Wireless: The library offers wireless access to the Internet. http://www.loc.gov/rr/ throughout the world.

wirelessaccess.html
This directory is a component of Library

Technoloiy Guides
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Library of Congress -- Library of Congress https://librarytechnology.org/library/2263

Technology Profile Please contact Marshall Breeding to report

Year i i ion li i
Product Name corrections about information listed for this
Contracted library.

. FOLIO -- EBSCO Information

Current Automation System R 2023
Services

Previous Automation System Voyager 1998
Discovery Service (w/index) Ex Libris CDI
Electronic Resource Electronic Resource
Management Management
Item ID Type Barcode

This library is responsible for the procurement of the library automation system.

View Privacy and Security Report

Automation Survey: We are conducting a study on the automation systems used in libraries.
This survey should be completed by a person familiar with your libraries use of
FOLIO -- EBSCO Information Services.

Respond to the 2024 Library Automation Perceptions Survey

Identifiers
libraries.org ID 2263
OCLC Symbol DLC
WorldCat Registry ID 45266

Record History: This listing was created on Aug 9, 1998 and was last modified on Feb 13,
2025.

Updates: Corrections or Updates? Registered members of Library Technology Guides can
submit updates to library listings in libraries.org. Registration is free and easy.
Already registered? login. Or, you can report corrections just by sending a message
to Marshall Breeding.

libraries.org Update this Entry Library Technology Guides

Maintained by Marshall Breeding

terms of service
Copyright 1994-2024
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5/6/25, 3:18 PM 1997 |EEE International Conference on Systems, Man and Cybernetics : Hyatt Orlando, Orlando, Florida, USA, October 12-15, 1997 : computatio...

Skip to search Skip to main content

1997 IEEE International Conference on Systems, Man and
Cybernetics : Hyatt Orlando, Orlando, Florida, USA, October 12-15,
1997 : computational cybernetics and simulation / organizing
committee, James M. Tien ... [et al .].

Author
IEEE International Conference on Systems, Man, and Cybernetics (1997 : Orlando, Fla.)

Format
Book

Language
English

Published/Created
Piscataway, NJ : IEEE Service Center, c1997.

Description
5v. (4535 p.) :ill. ; 28 cm.

Available Online

IEEE Electronic Library (IEL)(Z"

Copies in the Library

ReCAP - Remote Storage
TA168 .I1567 1997
Available

Location has

Vol. 1-v. 5

Subject(s)

Systems engineering—Congresses
Cybernetics—Congresses
Technology and state—Congresses
Notes

"IEEE catalog number 97CH36088-5"--T.p. verso.

Bibliographic references
Includes bibliographical references and index.

Other title(s)

1997 IEEE International Conference on Systems, Man and Cybernetics

Computational cybernetics and simulation
Google Exhibit 1018 - Google v. CSI
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5/6/25, 3:18 PM 1997 |EEE International Conference on Systems, Man and Cybernetics : Hyatt Orlando, Orlando, Florida, USA, October 12-15, 1997 : computatio...

ISBN

0780340531 (softbound)
078034054X (casebound)
OCLC

37907023

Statement on responsible collection description

Princeton University Library aims to describe library materials in a manner that is respectful to the
individuals and communities who create, use, and are represented in the collections we manage.
Read more...

Ask a Question Suggest a Correction
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Princeton University Library Catalog https://catal og.princeton.edu/catal 0g/9911918883506421/staff _view

Skip to search Skip to main content

Staff view

LEADER 01685cam a2200349 a 4500
001 9911918883506421

005 20240812102530.0

008 97112551997 njua b 101 @ eng d

020 a| 0780340531 (softbound)
020 al 078034054X (casebound)
035 al| (CStRLIN)NJIPG97-B66629
035 9| CCU6283TS

035 al (NjP)1191888-princetondb
035 al (0CoLC)ocm37907023

035 z| (NjP)Voyager1191888

040 al NjP b| eng c| NjP

050 4 a| TA168 b| .I567 1997

111 2 a| IEEE International Conference on Systems, Man, and Cybernetics d|
(1997 : c| Orlando, Fla.)

245 1 0 a| 1997 IEEE International Conference on Systems, Man and Cybernetics :
b| Hyatt Orlando, Orlando, Florida, USA, October 12-15, 1997 : computational
cybernetics and simulation / c| organizing committee, James M. Tien ... [et
al.].

246 1 4 a| 1997 IEEE International Conference on Systems, Man and Cybernetics

246 3 0 a| Computational cybernetics and simulation

260 a| Piscataway, NJ : b| IEEE Service Center, c| c1997.
300 al 5 v. (4535 p.) : b| ill. ; c| 28 cm.

504 a| Includes bibliographical references and index.

500 a| "IEEE catalog number 97CH36088-5"—--T.p. verso.

650 0 a| Systems engineering v| Congresses. 0| http://id.loc.gov/authorities/
subjects/sh2008111998

650 0 a| Cybernetics v| Congresses. @| http://id.loc.gov/authorities/
subjects/sh2008101510

650 @ a| Technology and state v| Congresses. @| http://id.loc.gov/
authorities/subjects/sh2008112648

911 a| 19971204

912 al 19971125000000.0

914 al (0CoLC)ocm37907023 b| OCoLC c| match d| 20221117 e| processed f|
37907023

908 al 11/25/97 s| 9114 n| NjP d| 11/25/97 c| MWC b| MWC i| 971125 1| NJPG
AVA 0| 9911918883506421 8| 22488311310006421 a| @1PRI_INST b| recap c|

Remote Storage d| TA168 .I567 1997 e| available f| 5 g| @ j| pa k| @ p| 1 q]
ReCAP t| Vol. 1-v. 5 t|
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libraries.org: Princeton University Library https://librarytechnology.org/libraries/search.pl

libraries.org

A directory of libraries throughout the world

e Home »

e Libraries »

e Guides

e Documents

e Vendors »

e Products »

e News

e Procurement

¢ Member Login »

found 1 item where the item contains Princeton University Library.

BT I——

Princeton University Library
Princeton University

Address: 1 Washington Road
Princeton, New Jersey
08544
United States

County: Mercer

Phone: 609-258-1470 . .
Firestone Library

Connect to: Library Web Site/ Online Catalog

Library details: Princeton University Library is an Academic library. A
This library is affiliated with Princeton University (view map) . The collection of the Ld
library contains 13,074,645 volumes. The library circulates 212,110 items per year.
The library serves a population of 7,972 FTE Enroliment.

Permalink: https://librarytechnology.org/library/2168
(Use this link to refer back to this listing.)

Administration: The director of the library is Anne Jarvis .

Organizational structure: The library is part of a privately-funded organization. It operates on
a Non-profit financial model.

Google UIIIMap data ©2025 Google %
map locationv’

Academic Level: The library Serves an educational institution at the University level. The
Carnegie Foundation designates this institution as: Doctoral Universities: Very

High Research Activity (level 15). Related Libraries

e Other libraries with Carnegie class:
Doctoral Universities: Very High
Research Activity

Affiliations: The library is a member of the Association of Research Libraries o All members of the Association of
Research Libraries members
Statistics Academic « Directory of ARL Member
Enroliment 7,972 FTE Students Libraries
Collection size 13,074,645 volumes e Libraries located in Princeton (New
Jersey)
Annual Circulation 212,110 transactions . . .

e Libraries located in Mercer county
(New Jersey)

e View map of libraries in Mercer
County

e all Academic libs in New Jersey
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libraries.org: Princeton University Library

View Detailed Statistics

Technology Profile

Current Automation System
Previous Automation System
Previous Automation System
Previous Automation System
Previous Automation System

Discovery Service (w/index)

Discovery Interface

Previous Discovery Interface
Authentication Service

Digital Collection Management
Institutional Repository

Digital Preservation

Electronic Resource Management
Archives Management
Interlibrary Loan or Resource
Sharing

Resource Sharing Networks

Web Content Management

Item ID Type

Product Name
Alma

Voyager
NOTIS
TOMUS

GLIS

Ex Libris CDI
Blacklight
Voyager
OpenAthens -- EBSCO
Samvera
DSpace
LIBSAFE Go
Alma

ArchivesSpace
ReShare

BorrowDirect
ReCAP
Drupal

Barcode

Year Contracted
2019
2000
1991
1987
1979
2010
2016
2000
2020
2017
2015
2022

2020

The library's automation system is hosted by the vendor through an Software-as-a-Service

(SaaS) arrangement.

This library is responsible for the procurement of the library automation system.

View Privacy and Security Report

https://librarytechnology.org/libraries/search.pl

About libraries.org

libraries.org is a free directory of libraries
throughout the world.

This directory is a component of Library
Technology Guides.

Please contact Marshall Breeding to report
corrections about information listed for this
library.

Identifiers
libraries.org ID 2168
OCLC Symbol PUL

WorldCat Registry ID 1791
NCES LIBID 186131
Ringgold ID 6740

Record History: This listing was created on Dec 10, 1997 and was last modified on Apr 10,

2025.

Updates: Corrections or Updates? Registered members of Library Technology Guides can
submit updates to library listings in libraries.org. Registration is free and easy.
Already registered? login. Or, you can report corrections just by sending a message
to Marshall Breeding.

Basic Search

Advanced Search

Library Technology Guides

Maintained by Marshall Bree

terms of service
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Fractal face representation and recognition | IEEE Conference Publicatio... https://ieeexplore.leee.org/abstract/document/638231

lof 2

Conferences > 1997 IEEE International Confe... @

Fractal face representation and recognition

Publisher: IEEE | Gite This Is PDF

A.Z.Kouzani; F.He; K. Sammut All Authors

9 97
Citesin Full
Papers Text Views
Abstract Abstract:
This paper presents a face representation and recognition scheme based on the theory of fractals. Each face image is
Authors represented by its fractal model which is a small collection of transformation parameters. The transformation is carried
out once for known face images. For recognition, the input face image is transformed and its fractal model is then
References compared against the database of fractal models of known faces. Feedforward neural networks are utilised to implement
the compression and recognition parts. Some experimental results are presented. The maximum compression ratio
Citations obtained for the successful recognition of known faces was observed to be 89:1 (for a compression threshold of 0.002).
Keywords Published in: 1997 IEEE International Conference on Systems, Man, and Cybernetics. Computational Cybernetics and
Simulation
Metrics
) ) Date of Conference: 12-15 October 1997 DOI: 10.1109/ICSMC.1997.638231
More Like This
Date Added to IEEE Xplore: 06 August 2002 Publisher: IEEE
Print ISBN:0-7803-4053-1 Conference Location: Orlando, FL, USA

Print ISSN: 1062-922X

Authors v

References v

Citations v

Keywords v

Metrics v
IEEE Personal Account Purchase Details Profile Information Need Help? Follow
CHANGE USERNAME/ PAYMENT OPTIONS COMMUNICATIONS US & CANADA: +1 800 f in O

(:\«jsSWORD VIEW PURCHASED PREFERENCES 678 4333
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Fractal face representation and recognition | IEEE Conference Publicatio... https://ieeexplore.leee.org/abstract/document/638231

DOCUMENTS PROFESSION AND WORLDWIDE: +1 732 981
EDUCATION 0060
TECHNICAL INTERESTS CONTACT & SUPPORT

About IEEE Xplore | Contact Us | Help | Accessibility | Terms of Use | Nondiscrimination Policy | IEEE Ethics Reporting [£' | Sitemap |
IEEE Privacy Policy
A public charity, IEEE is the world's largest technical professional organization dedicated to advancing technology for the benefit of humanity.

© Copyright 2025 IEEE - All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies.
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EX1006G
Citations to Kouzani

Source Document:

Kouzani, A. Z., He, F., & Sammut, K. (1997, October). Fractal face representation
and recognition. In 1997 IEEE International Conference on Systems, Man,
and Cybernetics. Computational Cybernetics and Simulation (Vol. 2, pp.
1609-1613). (“Kouzani”)

Citations: 1999 — 2007 (in chronological order)

Tan, T., & Yan, H. (1999, March). Face recognition by fractal transformations. In
1999 IEEE International Conference on Acoustics, Speech, and Signal
Processing. Proceedings. ICASSP99 (Cat. No. 99CH36258) (\Vol. 6, pp.
3537-3540). IEEE.

Schouten, B. A., & de Zeeuw, P. M. (2000, September). Image databases, scale
and fractal transforms. In Proceedings 2000 International Conference on
Image Processing (Cat. No. 00CH37101) (Vol. 2, pp. 534-537). IEEE.

Ebrahimpour-Komleh, H., Chandran, V., & Sridharan, S. (2001, October). Face
recognition using fractal codes. In Proceedings 2001 International
Conference on Image Processing (Cat. No. 01CH37205) (Vol. 3, pp. 58-61).
IEEE.

Mozaffari, S., Faez, K., & Ziaratban, M. (2005, August). Character representation
and recognition using quad tree-based fractal encoding scheme. In Eighth
International Conference on Document Analysis and Recognition
(ICDAR'05) (pp. 819-823). IEEE.

Abate, A. F., Nappi, M., Riccio, D., & Sabatino, G. (2007, October). 2D and 3D
face recognition: A survey. Pattern recognition letters, 28(14), 1885-1906.
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Categorization of Methods for Face Detection in a Single Image

Approach

Representative Works

Knowledge-based

Feature invariant
— Facial Features
— Texture
— Skin Color
— Multiple Features
Template matching
— Predefined face templates
— Deformable Templates
Appearance-based method
— Figenface
— Distribution-based
— Neural Network
— Support Vector Machine (SVM)
— Naive Bayes Classifier
— Hidden Markov Model (HMM)
— Information-Theoretical Approach

Multiresolution rule-based method [170]

Grouping of edges [87] [178]

Space Gray-Level Dependence matrix (SGLD) of face pattern [32]
Mixture of Gaussian [172] [98]

Integration of skin color, size and shape [79]

Shape template [28]
Active Shape Model (ASM) [86]

Eigenvector decomposition and clustering [163]

Gaussian distribution and multilayer perceptron [154]
Ensemble of neural networks and arbitration schemes [128]
SVM with polynomial kernel [L07]

Joint statistics of local appearance and position [140]
Higher order statistics with HMM [123]

Kullback relative information [89] [24]
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Face Image Database

Data Set

|| Location

Description

MIT Database
[163]

ftp:/ /whitechapel. media.mit.edu/pub /images/

Faces of 16 people, 27 of each person
under various illumination conditions,
scale and head orientation.

FERET Database
[115]

http://www.nist.gov/humanid/feret

A large collection of male and female
faces. Each image contains a single
person with certain expression.

UMIST Database
[56]

http:/ /images.ce.umist.ac.uk/danny/
database.html

564 1mages of 20 subjects.
Each subject covers a range of poses
from profile to frontal views.

University of Bern
Database

ftp:/ /iamftp.unibe.ch/pub/Images/FaceImages/

300 frontal face images of 30 people
(10 images per person) and 150 profile
face images {5 images per person).

Yale Database [7]

http://eve.yale.edu

Face images with expressions, glasses

under different illumination conditions.

AT&T (Olivetti)
Database [136]

http://www.uk.research.att.com

40 subjects, 10 images per subject.

Harvard Database

ftp://ftp.hrl.harvard.edu/pub/faces/

Cropped, masked face images under

[57] a wide range of lighting conditions.
M2VTS Database | http://poseidon.csd.auth.gr/M2VTS/index html | A multimodal database containing
[116] various image sequences.

Purdue AR htep://rvll.ecn.purdue.edu/~aleix/aleix_face 3,276 face images with different

Database [96]

_DB.html

facial expressions and occlusions
under different illuminations.

A TR LR S

LIS HPEE ERER
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[ Data Set

Location

Description |

MIT Test Set [154]

http://www.cs.cmu.edu/~har

Two sets of high and low resolution gray scale
images with multiple faces in complex background.

CMU Test Set [128]

http://www.cs.cmu.edu/~har

130 gray scale images with a total of
507 frontal faces.

CMU Profile Face Test
Set [141]

ftp:/ feyes.ius.cs.cmu.edu fusr20/
ftp/testing_face_images.tar.gz

208 gray scale images with faces in
profile views.

Kodak Data Set [94]

Eastman Kodak Corporation

Faces of multiple size, pose and under varyving
illumination in color images. Designed
for face detection and recognition.
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Experimental Results on Images from Test Set 1 (125 Images with 483 Faces) and
Test Set 2 (23 Images with 136 Faces) (See Text for Details)

Test Set 1 Test Set 2

Method Detection Rate | False Detections || Detection Rate | False Detections
Distribution based [154] N/A N/A 81.9% 13
Neural network [128] 92.5% 862 90.3% 42

Naive Bayes classifier [140] 93.0% 88 91.2% 12
Kullback relative information [24] 98.0% 12758 N/A N/A
Support vector machine [107] N/A N/A 74.2% 20
Mixture of factor analyzers [175] 92.3% 82 89.4% 3
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LC Catalog - Item Information (Full Record) https://catal og.loc.gov/vwebv/search?searchArg=IEEE+Transactions+...

CATAL OG

€ 1of1

PERIODICAL OR NEWSPAPER

IEEE transactions on pattern analysis and machine
intelligence

Full Record MARC Tags

Main title

IEEE transactions on pattern analysis and machine intelligence.

Published/Created

[New York] IEEE Computer Society
<2004-> : Los Alamitos, CA : IEEE Computer Society

Request this Item A LCFind It
More Information >
LCCN Permalink https://lccn.loc.gov/80640328
Publication history v. PAMI-1- Jan. 1979-
Description volumes 28 cm

Vol. designation PAMI dropped with <v. 10, no. 6, Nov. 1988>.

Current frequency Monthly, 1989-

Former frequency Quarterly, 1979
Bimonthly, 1980-1988
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LC Catalog - Item Information (Full Record)

2 of 4

ISSN

Linking ISSN

LC classification

Variant title

Serial key title

Abbreviated title

Related names

LC Subjects

Other Subjects

Form/Genre

Browse by shelf order

Reproduction no./Source

Additional formats

https://catal og.loc.gov/vwebv/search?searchArg=IEEE+Transactions+...

0162-8828
0162-8828
Q327 .119

Institute of Electrical and Electronics Engineers transactions on pattern
analysis and machine intelligence

TPAMI

Transactions on pattern analysis and machine intelligence

IEEE transactions on pattern analysis and machine intelligence

IEEE trans. pattern anal. mach. intell.
IEEE Trans Pattern Anal Mach Intell

IEEE Computer Society.
Institute of Electrical and Electronics Engineers.

Pattern perception--Periodicals.
Pattern recognition systems--Periodicals.
Artificial intelligence--Periodicals.

Pattern Recognition, Automated.
Artificial Intelligence.

Artificial intelligence.

Pattern perception.

Pattern recognition systems.
Kunstmatige intelligentie.

Periodicals.
Periodicals.
Periodical.
Electronic journals

Q327

IEEE Service Center, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ
08854

Online version: IEEE transactions on pattern analysis and machine
intelligence (Online) 1939-3539 (DLC) 2007213712 (OCoLC)44581019
CD-ROM version: IEEE transactions on pattern analysis and machine
intelligence 2160-9292 (DLC) 2011200092 (OCoLC)712654733
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LC Catalog - Item Information (Full Record)

LCCN

Invalid LCCN
CODEN

Dewey class no.
NLM class no.
National bib agency no.
Other system no.
Additional Links
Type of material
Content type
Media type
Carrier type

Source of description

Item Availability

CALL NUMBER

Request in
Status

Older receipts

https://catal og.loc.gov/vwebv/search?searchArg=IEEE+Transactions+...

80640328

sn 79004711

ITPIDJ

001.53/4

W1 IE4465

9885960
(OCoLC)ocm04253074
http://www.computer.org/tpami/
Periodical or Newspaper
text

unmediated

volume

Latest issue consulted: Vol. 26, no. 1 (Jan. 2004).

Q327 .119
Set 1

Jefferson or Adams Building Reading Rooms
Not Charged

v.1-v.11 (1979-1989), v.12:n0.7-v.17:n0.3 (1990:July-1995:Mar.),
Vv.17:n0.5-v.17:n0.6 (1995:May-1995:June)

v.17:n0.8-v.18:n0.9 (1995:Aug.-1996:Sept.), v.18:n0.11-v.19:n0.4
(1996:Nov.-1997:Apr.)

v.19:n0.8 (1997:Aug.), v.20-v.34:n0.5 (1998-2012:May), v.34:n0.7-
v.36:n0.1 (2012:July-2014:Jan.), v.36:n0.4-v.36:n0.5
(2014:Apr.-2014:May), v.37:n0.1 (2015:Jan.), v.38:n0.1 (2016:Jan.)
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LC Catalog - Item Information (Full Record) https://catal og.loc.gov/vwebv/search?searchArg=IEEE+Transactions+...

CALL NUMBER Q327 .119
Copy 1
Unbound issues

Request in Shelved at Jefferson or Adams Building Reading Rooms
v. 19 1997 Aug c.1 Shelved at Jefferson or Adams Building Reading
Rooms

Status Not Charged

Latest receipts V. 34, no. 6 (2012 June)
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LC Catalog - Item Information (MARC Tags) https://catal og.loc.gov/vwebv/staffView?searchl d=27523& recPointer=...

lof 4

CATAL OG

€ 1of1

PERIODICAL OR NEWSPAPER

IEEE transactions on pattern analysis and machine
intelligence

Full Record MARC Tags

000 04189cas a2200865 4500

001 11235899

005 20240918091529.0

008 780926¢19799999caumr p 0 alengc

010 _ |a 80640328 |z sn 79004711

016 7_ |a 9885960 |2 DNLM

022 0_ |a 0162-8828 || 0162-8828 |2 1

030 L la ITPIDJ

032 - |a 492090 |b USPS

035 _ |a (OCoLC)ocm04253074

037 . |b IEEE Service Center, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08854
040 - |a NSD |b eng |c NSD |d COO |d NSD |d DLC |d OCL |d NSD |d OCL |d NST |d OCL |

d NST |d AIP |d NST |[d AIP |d NST |[d AIP |d NST |d NSD |d OCL |[d MYG |d CUS |

d OCL |d MYG |d IEEEX |d OCLCQ |d LYU |d OCLCQ |d NLM |d NLGGC |d LVB |

d NSD |d DLC |d OCLCQ |d DLC |d TULIB |d OCLCQ |d OCLCO |d OCLCF |d OCLCO |
d UL |[d OCLCQ |d OCLCO |d OCLCQ |d OCLCO |d OCLCA |d GILDS |d OCLCO |

d OCLCA |d AU@

042 . |a nsdp |a pcc

050 00 |a Q327 |b .119

060 00 |a W1 |b IE4465

082 04 |a 001.53/4

210 0_ |a IEEE trans. pattern anal. mach. intell.
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LC Catalog - Item Information (MARC Tags)

2 of 4

210
222
245
246

246
246
260
260
300
310
321
321
336
337
338
362
515
588
590
650
650
650
650
650
650
650
650
650
650
650
650
655
655
655
655
710

N N N O o o O O O

N PR
N NN

|a IEEE Trans Pattern Anal Mach Intell |2 dnim
|a IEEE transactions on pattern analysis and machine intelligence
|a IEEE transactions on pattern analysis and machine intelligence.

|a Institute of Electrical and Electronics Engineers transactions on pattern analysis and
machine intelligence

|a TPAMI

|a Transactions on pattern analysis and machine intelligence
|a [New York] |[b IEEE Computer Society

|3 <2004-> : |a Los Alamitos, CA : |b IEEE Computer Society
|a volumes |c 28 cm

|a Monthly, |b 1989-

|a Quarterly, |b 1979

|a Bimonthly, |b 1980-1988

|a text |b txt |2 rdacontent

|a unmediated |b n |2 rdamedia

|a volume |b nc |2 rdacarrier

|a v. PAMI-1- Jan. 1979-

|a Vol. designation PAMI dropped with <v. 10, no. 6, Nov. 1988>.
|a Latest issue consulted: Vol. 26, no. 1 (Jan. 2004).

|a SERBIB/SERLOC merged record

|a Pattern perception |v Periodicals.

|a Pattern recognition systems |v Periodicals.

|a Artificial intelligence |v Periodicals.

|a Reconnaissance des formes (Informatique) |v Périodiques.
|a Perception des structures |v Périodiques.

|]a Intelligence artificielle |v Périodiques.

|a Artificial intelligence. |2 fast |0 (OCoLC)fst00817247

|a Pattern perception. |2 fast |0 (OCoLC)fst01055254

|a Pattern recognition systems. |2 fast |0 (OCoLC)fst01055266
|a Kunstmatige intelligentie. |2 gtt

|a Pattern Recognition, Automated.

|a Artificial Intelligence.

|a Periodicals. |2 fast |0 (OCoLC)fst01411641

|a Periodicals. |2 lcgft

|a Periodical.

|a Electronic journals

|a IEEE Computer Society.
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710 2_ |a Institute of Electrical and Electronics Engineers.

776 08 [ Online version: |t IEEE transactions on pattern analysis and machine intelligence
(Online) |x 1939-3539 |w (DLC) 2007213712 |[w (OCoLC)44581019

776 08 |i CD-ROM version: |t IEEE transactions on pattern analysis and machine intelligence |
X 2160-9292 |w (DLC) 2011200092 |w (OCoLC)712654733
850 |a CU-RIiVA |a CU-SB |a CaBRC |a CaBVaS |a CaMWU |a CaNBFU |a CaNSHD |

a CaOKR |a CaOLU |a CaOTDT |Ja CaOTU |Ja CaQMU |a CoFS |a CtW |a CtY-KS |a DLC |
aDeU|aFU|aGU |alCU |aInU |aKyU |a MB |a MChB |a MMeT |a MdU |a MiDW |

a MnU |a MoKU |a MsU |a NBC |a NN |a NRU |a NcD |a NjP |a NjR |a OC |a OkU |a PPT |
a PPi|a ScU |aTU |a TxArU |a TxU |a VIW |Ja WU-E

859 41 |u http://www.computer.org/tpami/

853 20 [81]av.|bno.|ul2]vrli(year) |j (month) lw m
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Library of Congress -- Library of Congress https://librarytechnology.org/library/2263

libraries.org

A directory of libraries throughout the world

e Home »

e Libraries »

e Guides

e Documents

e Vendors »

e Products »

e News

e Procurement

¢ Member Login »

found 3 items where the item contains Library of Congress. Showing item 2 of 3.

[<< prev] [next >>] search: [:]

Library of Congress
United States -- Library of Congress

Address: 101 Independence Avenue SE

Washington, District of Library Hours
Columbia Day Open Close
20540
United States Sunday Closed
Phone: 202-707-5000 Monday  8:30am  8:30 pm
Connect to: Library Web Sitev/ Online Tuesday ~ 8:30am  8:30 pm _
Catalog Wednesday  8:30am  8:30 pm Library of Congress
Library details: Library of Congress is a Thursday  8:30am  8:30 pm
National library. Friday = 8:30am  5:00 pm -
Thls library is affiliated Wlth Saturday  8:30am  5:00 pm
Library of Congress (view
map) . The collection of the
library contains 175,000,000 @
volumes. The library circulates 250,000 items per year. 4
[
Other Info: Went live with Voyager on August 15, 1999. Currently planning to implement the o
Library Collections Access Platform (LCAP) on FOLIO and EBSCO discovery
services in FY25.
Permalink: https://librarytechnology.org/library/2263 Go gle Map data ©2025 Google %
(Use this link to refer back to this listing.) map locations’

Administration: The director of the library is Dr. Carla Hayden .
Related Libraries

Organizational structure: The library is part of a publicly-funded organization. It operates on
a Non-profit financial model. e All members of the Association of

Research Libraries members

¢ Directory of ARL Member
Libraries

e Libraries located in Washington
(District of Columbia)

e all National libs in District of

Affiliations: The library is a member of the Association of Research Libraries

Collection size 175,000,000 volumes Columbia

Annual Circulation 250,000 transactions About libraries.org

libraries.org is a free directory of libraries
Wireless: The library offers wireless access to the Internet. http://www.loc.gov/rr/ throughout the world.

wirelessaccess.html
This directory is a component of Library

Technoloiy Guides
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Technology Profile Please contact Marshall Breeding to report

Year i i ion li i
Product Name corrections about information listed for this
Contracted library.

. FOLIO -- EBSCO Information

Current Automation System R 2023
Services

Previous Automation System Voyager 1998
Discovery Service (w/index) Ex Libris CDI
Electronic Resource Electronic Resource
Management Management
Item ID Type Barcode

This library is responsible for the procurement of the library automation system.

View Privacy and Security Report

Automation Survey: We are conducting a study on the automation systems used in libraries.
This survey should be completed by a person familiar with your libraries use of
FOLIO -- EBSCO Information Services.

Respond to the 2024 Library Automation Perceptions Survey

Identifiers
libraries.org ID 2263
OCLC Symbol DLC
WorldCat Registry ID 45266

Record History: This listing was created on Aug 9, 1998 and was last modified on Feb 13,
2025.

Updates: Corrections or Updates? Registered members of Library Technology Guides can
submit updates to library listings in libraries.org. Registration is free and easy.
Already registered? login. Or, you can report corrections just by sending a message
to Marshall Breeding.

libraries.org Update this Entry Library Technology Guides

Maintained by Marshall Breeding

terms of service
Copyright 1994-2024
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|EEE Transactions on Pattern Analysis and Machine Intelligence, Januar... https://web.archive.org/web/20020302204214/http://computer.org/tpami...

The Wayback Machine - https.//web.archive.org/web/20020302204214/http://www.computer.org:80/tpami/tp2002/i1toc.htm

r HOME » INDEX » SEARCH > HELP » CONTACT b CART =
compuier.org
QIEEE TRANSACTIONS ON
PATTERN ANALYSIS AND January 2002 (VOI 24’ NO. 1)
MACHINE INTELLIGENCE Members- Download the complete issue

t3) _ZIP of all PDF files

Requires

Subscription Purchase

PAPERS Free
pp. 1-18 = Integrated Position Estimation Using Aerial Image

Sequences HBSTRHGT E FOF ‘é‘ew ARTIGLE
D.-G. Sim, R.-H. Park, R.-C. Kim, S.U. Lee, |.-C. Kim

pp. 19-33 & The Radiometry of Multiple Images @nssmnm @ CoE

4
Q.-Tuan Luong, Pascal Fua, Yvan G. Leclerc B ARTICLE

pp. 34-58 = Detecting Faces in Images: A Survey .E
AESTRAGT FDF

4
Ming-Hsuan Yang, David J. Kriegman, Narendra Ahuja T Euv ARTioLe

pp. 59-74 = Piecewise Linear Skeletonization Using Principal

4
Curves @HBSTRHCT @ FOF B BUT ARTICLE
Balazs Kegl, Adam Krzyzak

pp. 75-89 = Object Tracking with Bayesian Estimation of Dynamic

Layer Representations HBSTRHGT E FOF ‘é‘ew ARTICLE
Hai Tao, Harpreet S. Sawhney, Rakesh Kumar

pp. 90-102 #» ICP Registration Using Invariant Features @nssmnm @ CoE
Gregory C. Sharp, Sang W. Lee, David K. Wehe

4
B BUT ARTICLE

pp. 103-113 # Multihierarchical Graph Search @nssmncr @ CoE

4
. . . ﬁ EUY ARTICLE
Juan-Antonio Fernandez-Madrigal, Javier Gonzalez

pp. 114-124 » Reconstruction of Three-Dimensional Objects

through Matching of Their Parts = 4+

i . . . . . AESTRACT FDOF EUY ARTICLE
Georgios Papaioannou, Evaggelia-Aggeliki Karabassi, Theoharis E =
Theoharis
SHORT PAPERS Free Requires Purchase

Subscription

pp. 125-131 # Optical Flow in Log-Mapped Image Plane-A New

Approach HBSTRHGT E FOF ‘é‘sw ARTIGLE

Mohammed Yeasin

pp. 132-139 # Extraction and Optimization of B-Spline PBD .
Templates for Recognition of Connected Handwritten Digit Strings nssmnm ‘E FOF B BUT ARTIGLE
Zhongkang Lu, Zheru Chi, Wan-Chi Siu

pp. 139-144 » A Note on Park and Chin's Algorithm E
AEZTRACT FDF

4
. . . B euv ARTIGLE
Ronaldo Fumio Hashimoto, Junior Barrera

The full text of IEEE Transactions on Pattern Analysis and Machine Intelligence is available to members of the IEEE Computer Society
who have an online subscription and a web-account.

This site and all contents (unless otherwise noted) are Copyright ©2001 ,
Institute of Electrical and Electronics Engineers, Inc. All rights reserved
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WebVoyage Record View 1 https://cocatal og.loc.gov/cgi-bin/Pwebrecon.cgi v1=15&ti=1,15& Sea...

Try the Copyright Public Records System (CPRS) pilot with enhanced
search features and filters.

Help Search History Titles Start Over

Public Catalog

Copyright Catalog (1978 to present) at DC4
Search Request: Left Anchored Title = |EEE transactions on pattern analysis and machine intelligence

Search Results: Displaying 15 of 43 entries
‘ previous || next ’

[ Labeled View

| EEE Transactions on pattern analysis and machine intelligence: a...

Type of Work: Serial

Title: |EEE Transactions on pattern analysis and machine intelligence : a publication of the IEEE Computer
Society / [associate editors, Prijono Hardjowirogo ... et al.].

Serial Publication Year: 2001
Serial Key Title: IEEE Transactions on pattern analysis and machine intelligence
Imprint: New York : IEEE, 1979-.
| SSN: 0162-8828
Description: print material.
Frequency: Quarterly; bimonthly per v. 2, no. 1; monthly per v. 13, 1991.
Publication History: Vol. PAMI-1, no 1-
Copyright Claimant: Institute of Electrical and Electronics Engineers, Inc. (employer for hire)
Issues Registered: v. 23, no. 1, Jan01.; Pub. 2001-01-02; Reg. 2001-06-15; TX0005329958

V. 23, no. 2, Feb01.; Pub. 2001-02-06; Reg. 2001-06-15; TX0005329958
v. 23, no. 3, Mar01.; Pub. 2001-03-01; Reg. 2001-06-15; TX0005328279
V. 23, no. 4, AprO1.; Pub. 2001-04-05; Reg. 2001-06-15; TX 0005328279
v. 23, no. 5, MayOL.; Pub. 2001-05-07; Reg. 2001-09-07; TX 0005376694
v. 23, no. 6, Jun01.; Pub. 2001-05-31; Reg. 2001-09-07; TX0005376694
v. 23, no. 7, Jul01.; Pub. 2001-07-02; Reg. 2001-09-07; TX 0005376694
v. 23, no. 8, Aug01.; Pub. 2001-08-02; Reg. 2001-09-07; TX0005376694
V. 23, no. 9, Sep01.; Pub. 2001-09-04; Reg. 2002-01-10; TX0005520186
v. 23, no. 10, Oct01.; Pub. 2001-10-09; Reg. 2002-01-10; TX 0005520186
v. 23, no. 11, NovO1.; Pub. 2001-11-05; Reg. 2002-01-10; TX0005525796
v. 23, no. 12, Dec01.; Pub. 2001-12-04; Reg. 2002-01-10; TX 0005525796
V. 24, no. 1, Jan02. Created 2001; Pub. 2001-12-20; Reg. 2002-03-04; TX 0005486059

Other Title: Transactions on pattern analysis and machine intelligence
Names: Hardjowirogo, Prijono
Ingtitute of Electrical and Electronics Engineers, Inc. Computer Society
Ingtitute of Electrical and Electronics Engineers, Inc.

IEEE Computer Society
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EX1007F
Citations to Yang

Source Document:

Yang, M. H., Kriegman, D. J., & Ahuja, N. (2002, January). Detecting faces in
images: A survey. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 24(1), 34-58.

Citations: May to August 2002 (in chronological order)

Gorodnichy, D. O. (2002, May). On importance of nose for face tracking. In
Proceedings of Fifth IEEE International Conference on Automatic Face
Gesture Recognition (pp. 188-193). IEEE.

Ullman, S., Vidal-Naquet, M., & Sali, E. (2002, July). Visual features of
intermediate complexity and their use in classification. Nature neuroscience,
5(7), 682-687.

Hadid, A., Pietikainen, M., & Martinkauppi, B. (2002, August). Color-based face
detection using skin locus model and hierarchical filtering. In 2002
International Conference on Pattern Recognition (Vol. 4, pp. 196-200).
IEEE.

Mariano, V. Y., Min, J., Park, J. H., Kasturi, R., Mihalcik, D., Li, H., ... & Drayer,
T. (2002, August). Performance evaluation of object detection algorithms. In
2002 International Conference on Pattern Recognition (Vol. 3, pp. 965-969).
IEEE.

Yuan, Q., Gao, W., & Yao, H. (2002, August). Robust frontal face detection in
complex environment. In 2002 International Conference on Pattern
Recognition (Vol. 1, pp. 25-28). IEEE.
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Face Identification by Fitting a 3D Morphable Model
Using Linear Shape and Texture Error Functions

Sami Romdhani, Volker Blanz, and Thomas Vetter

University of Freiburg, Institut fiir Informatik,
Georges-Kohler-Allee 52, 79110 Freiburg, Germany,
{romdhani, volker, vetter}@informatik.uni-freiburg.de

Abstract. This paper presents a novel algorithm aiming at analysis and identi-
fication of faces viewed from different poses and illumination conditions. Face
analysis from a single image is performed by recovering the shape and textures
parameters of a 3D Morphable Model in an analysis-by-synthesis fashion. The
shape parameters are computed from a shape error estimated by optical flow and
the texture parameters are obtained from a texture error. The algorithm uses linear
equations to recover the shape and texture parameters irrespective of pose and
lighting conditions of the face image. Identification experiments are reported on
more than 5000 images from the publicly available CMU-PIE database which
includes faces viewed from 13 different poses and under 22 different illumina-
tions. Extensive identification results are available on our web page for future
comparison with novel algorithms.

1 Introduction

Images of faces do not depend on identity only, unfortunately. They are also influenced
by illumination, by the pose from which the face is viewed and by its expression. Hence a
face analysis system is confronted with the perplexing task of separating different sources
of image variation. The recent FERET tests revealed that recognition performance drops
significantly when pose and/or directed light are present in the input images [16]. Solving
these two problems has become a major research issue. In this paper we present a novel
algorithm able to identify faces in presence of combined pose and illumination variation.

A common approach for addressing these problems is to build an explicit generative
model of the variations of face images. Then, analysis of a novel face image requires
the fitting of an image generated by the model to the novel image, thereby coding the
novel image in terms of model parameters. This fitting problem is in fact an optimisa-
tion problem: Its goal is to find the model parameters which minimise the difference
between the image produced by the model and the novel image. The minimisation can
be performed by a standard gradient descent algorithm [15] [6] or by a Levenberg-
Marquardt [17] which is computationally expensive as it computes at each iteration the
gradient of the image difference. This predicament lead first Gleicher [12], then Sclaroff
and Isidoro [20] and Cootes et al. [8] to derive an optimisation-based algorithm in the
specific context of model registration. This new approach, referred to as Image Dif-
ference Decomposition (IDD), makes the assumption that there is a linear dependency
between the image difference (that is, the difference between the model image and the
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4 S. Romdhani, V. Blanz, and T. Vetter

input image) and the parameter update. Gleicher [12] applies this method to recover the
projective transformation parameters of a small image region under motion. Sclaroff
and Isidoro [20] endeavour to track the non-rigid motion of an image region. Cootes ef
al. [8] use IDD to fit a 2D face model to a novel face image.

Based on a theory of the complete image formation process (Section 2 and 3), we
show that, in fact, the error function depends non-linearly on the parameters and the linear
assumption made by IDD holds only on a small domain of variations (and not on the
general problem which interests us, that of combined variation of pose and illumination).
To approximate the non-linear image variations, induced by only the azimuth angle,
Cootes et al. [9] had to learn five linear relations. If the number on non-linear degrees
of freedom increases (elevation angle, direction of light, etc.), the number of linear
relations required would grow exponentially. To overcome this problem, we use a 3D
model that is able to describe faces viewed under arbitrary pose and illuminated from any
direction. To fit the model, we do not assume a linear relation as in IDD, but we exploit,
in Section 4, the fact that the error function is a non-linear mixing of two linear parts: A
shape error function which linearly depends on the shape parameters of the model and
a texture error which also depends linearly on the texture parameters. Hence, a Linear
Shape and Texture (LiST) fitting algorithm is proposed, in Section 5, which uses these
two linear functions to iteratively update the shape and texture parameters. Fitting and
identification experiments are presented, in Section 7, on more than 5000 images from
the publicly available CMU-PIE database which show faces viewed from 13 different
poses and under 22 different lighting.

2 Morphable Model

In this section we briefly outline the Morphable Model. A detailed description can be
found in [6] and [7]. The 3D Morphable Face Model is a model of faces represented
in 3D where shape information is separated from texture information. The shape and
texture models are learnt from a set of 200 exemplar faces which were acquired by
a 3D Cyberware™ scanner. This scanner allows the sampling of texture with little
interference from any external lighting. Hence texture values can be regarded as albedo
values which are characteristic of identity only. Building a 3D Morphable Face Model
requires to transform the shape and texture spaces into vector spaces for which any
convex combination of exemplar shapes and textures describes a realistic human face.
This is achieved by setting the exemplar faces in full correspondence with respect to
a reference shape. Correspondences between all exemplar face and the reference face
are established by an optical flow algorithm [2]. This produces a 3D deformation field
for each exemplar faces which is used to warp the textures onto the reference shape
yielding a shape-free texture. This scheme introduces a consistent labelling of vertices
across the whole set of exemplar faces. The geometry of a face is represented by a
shape vector s = (X1, Y1, Z1, Xo,..., Yy, Zxn) € RN that contains the X, Y, Z
coordinates of its IV vertices. For simplicity the R, GG, B texture values are sampled
at the same NN points, therefore the texture vector of a face is represented by t =
(Ry, G1, By, Ra,...,Gy, By) € RN, Realistic novel shape and texture vectors, s
and t can be generated by convex combination of the M exemplars, s“* and t**:
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M M M M
s=_a;s{", t=> bit{", dai=> bi=1 (1)
=1 =1 =1 =1

To take advantage of the inherent regularity of human faces and reduce the dimensionality
of the shape and texture spaces, a popular statistical technique, Principal Component
Analysis, is used. PCA is applied separately on the shape and texture spaces, thereby
ignoring the correlation between shape and texture as opposed to other techniques [8]. We
describe the application of PCA to shapes, its application to textures is straightforward.
After subtracting their mean, S, the exemplars are arranged in a data matrix A and
the eigenvectors of its covariance matrix C are computed using the Singular Value
Decomposition [18] of A:
s=47 Moser, a;=s%—5 A= (a,ay,...,ay) = UAVT,
2
C= ﬁAAT = ﬁUAQUT

The M columns of the orthogonal matrix U are the eigenvectors of the covariance matrix

C, and 02-2 = ’\ﬁ? are its eigenvalues, where the \; are the elements of the diagonal matrix
A, arranged in decreasing order. Now, instead of describing a novel shape and texture
as a convex combination of exemplars, as in Equation 1, we express them as a linear
combination of shape and texture eigenvectors, s; and t;, respectively:

M—1

M-1
+ Z O Osi S t=t+ Zﬁi ot ty, 3)
i—1

i=1

7]

S =

To achieve dimensionality reduction, the last eigenvalues (which are very small compared
to the first eigenvalues) are set to zero. Hence, Equation 3, is reformulated as:

s=5+Sa, t=t+710 4

where the columns of .S and 7" are the most significant eigenvectors s; and t;, re-scaled
by their standard deviation. The Morphable Model shape and texture coefficients v and
3 constitute a pose and illumination invariant low-dimensional coding of the identity of
a face as they are derived from characteristics pertaining only to the identity (3D shape
and albedo). They will be used to identify faces in Section 7.2.

An additional and important benefit of PCA is that it provides an estimate of the
probability densities of the shapes and textures, assuming that these densities are Gaus-
sian:

p(s) ~ ezl ’ p(t) ~ 31817 5)

3 Face Rendering

The Morphable Face Model is a generative model which can produce photo-realistic face
images. In this section, we summarise the graphical rendering process which transforms
face shape and texture vectors, s and t, into a face image /. For more information see [6],
or [7]. In this section, we use a hat " to denote entities pertaining to a single vertex.

Google Exhibit 1018 - Google v. CSI
IPR2025-00877 - Page 00194



6 S. Romdhani, V. Blanz, and T. Vetter

Shape Transformation. Let us denote by §, the (XY, Z) coordinates of a vertex of
the shape s. The first rigid transformation is a translation by t34 and a rotation about the
axes X,Y, Z of angles ¢, v and 6. The translation ts4 is such as it sets the origin at the
centre of the 3D shape s. We denote by w the result of this transformation:

N
W =RyR Ry (Vv +1t30), taa= Zéj 6)
J

The 2D image coordinates of the vertex, denoted by So4, are then determined using
an orthographic projection (as opposed to [6]) which is legitimate when the distance
from the camera to the rendered head is much larger than its dimension. In practise this
introduces only a minor error. After the projection a 2D translation, toq and a re-scaling
of f are applied:

. 100\ . A
Soqg = f <010>W+t2d (7)

Equations 4, 6 and 7 can be expressed as one equation for the entire set of vertices,
clarifying the dependency between the 2D image coordinates vector so4 and the shape
parameters o:

s20 = f P R(S+ 5 a+t3a) + taa (®)

where t34 and to4 are translation vectors of length 3/NV and 2N respectively formed by
concatenating 34 and to4. R is a 3N x 3N block diagonal matrix which performs the
rotation Ry R, Ry of all IV vertices. P is the 2NV x 3N orthographic projection matrix
for the ensemble of vertices. Note that, for rendering, a test of visibility must still be
performed using a z-buffer method [11].

INlumination and Colour Transformation. We assume that the face is illuminated by
ambient light and one directed light. In the same fashion as the shape transformation
aforementioned, we denote by t the R, G, B colour values of one vertex of the texture
t and by n its unit-length normal (computed by use of the shape §). The illumination
effects are modelled using Phong illumination [11]:

6= (Agmp + (0, 1) Agin )b+ ks (v, B) Agir 1, =201 -1 |r|=1 (9)

where t 1 is the resulting colour of the vertex, Aamb is a diagonal matrix containing the R,
G, B colour values of the ambient light, 1 is the direction of the light, Adir the diagonal
matrix holding its colour, kg, the specular reflectance, v, the angular distribution of the
specularities of human skin (or shininess), v, the viewing direction, 1, a vector of ones
and r is the direction of maximum specular reflection.

The second colour transformation allows to render various types of images such
as photograph from different sources, grey-scale images or paintings [6] [7]. It uses a
diagonal matrix, G, storing the R, G, B colour gains, a vector 0 containing the R, G, B
offsets and a matrix M (c¢) which interpolates between the original colour values and the
overall luminance depending on the colour contrast c. The resulting colour of the vertex
rendered in the image at the position §a4 is £/
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0.3 0.59 0.11
ty =G M(c) t, + o, M(c)=cI+(1—-c)| 0.30.590.11 (10)
0.3 0.59 0.11

Again, the dependency of the rendered texture over the model parameters 3 is clarified
by summarising Equations 4, 9 and 10 as one:

tar = (Aamp + Adgir) (8+TB) + aspec + 0 (1

where A, and Ay, are a 3N x 3N block diagonal matrix representing the effects of
colour transformation, G and M (¢), and, respectively, the ambient light flamb and the
lambertian part of the directed lights; ac. contains the specular part of the light and o
the R, G, B offset.

Texture Warping. The image of a face is produced by setting the colour of the vertices,
tr, at the positions soq. Naturally, this is performed only for the visible vertices. As
the values of so,4 are non-discrete, a rasterisation is performed. Also, to obtain a smooth
and continuous image, a 2D to 2D mapping is achieved, whereby the colour of pixels
between vertices is interpolated using the topology provided by a triangular mesh. These
three steps constitute a warping operation, denoted by the function W(-, -):

I =W(soq,tm) (12)

4 Inversion of the Face Image Formation Process

In Section 2 and 3 the problem of the generation of a photo-realistic face image is
described. Algorithms of this kind found many applications in the field of Computer
Graphics. Here, we are interested in the inverse problem, that of recovering the shape,
texture, rigid transformation, colour transformation and lighting parameters from one
image of a face, I;,,;. This vision problem is generally referred to as fitting. In this
section, the theory motivating a novel fitting algorithm is detailed and in the next section
the fitting algorithm is formally described.

Explaining an input image in terms of model parameters is usually performed using
an Analysis-by-Synthesis loop whereby, at each iteration, an image is generated using
the current estimate of the model parameters, then the difference between the model
image and the input image is computed, and an update of the model parameters which
reduces this difference is sought for. This is a minimisation problem whose cost function
is the image difference between the image rendered by the model and the input image.
The image difference, dt can be computed on the reference grid obtained from the shape
estimate:

tr =W (s2a, Linput) 6t =ty —t; (13)

where t; is a texture vector formed by the R, G, B values sampled from the input
image at the pixels given by the current shape estimate sy4. Such an error function was
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8 S. Romdhani, V. Blanz, and T. Vetter

introduced by the Image Difference Decomposition algorithm [12] and used to update
the parameters using a linear equation:

5p = Adt (14)

where p regroups the model parameters which are to be recovered and A is a matrix
learnt off-line. However this linear dependency is an assumption which holds in a small
domain of variation of I;;,,,;. In the presence of pose and illumination variation, the
image formation process, described in Section 3, allows the expression of Equation 13
as:

Ot Ot

= Oursey g Qonr g Obut g

ot da B Op;

o awil(SQda Iinput) <6S2d 5a + 852(1 5p7>
0Soyq Ja op,

(15)
Several of these Jacobi matrices are not constant due to the non-linear influence of the
shape and the illumination on the texture (see Equation 9 and 11). This makes Equation 13
non-linear and the assumption leading to Equation 14 violated. The non-constancy of
the derivatives obliges their re-computation at each iteration of the fitting algorithm.
However, we can still benefit from the regularity of the problem by realising that some
of the derivatives are relatively inexpensive to compute: If a and p, are maintained

constant, %t—g is constant and can be computed at relatively low cost and used to update

3. Hence, 03 is obtained by solving a simple system of linear equations. Similarly,
o, p; and p, are updated separately while maintaining the other parameters constant.
This process is repeated iteratively until global convergence is obtained. The recovery of
each of the parameters is detailed in the next two sections. It should be noted that each
parameter update is biased because the other parameters are kept constant. To overcome
this problem a regularisation technique, detailed in Section 4.3, is used.

4.1 Shape Fitting

Updating the shape parameters o from an image difference dt is difficult due to the
combined influence of: (i) the shape error (ii) the normals which depends non-linearly
on the shape and (iii) the texture error (see Equation 9 and 11). On the other hand,
recovering the shape parameters « from a shape error is easier: if f, ¢,y and 0 are kept
constant the relation between the shape so4 and « is linear (from Equation 8):

0saq
oo

So, the derivative is the 2D projection of the shape PCA matrix rotated and scaled by the
current estimate of the pose and scale parameters, ¢, v, #, and f. Note that this gradient
is not learnt off-line nor numerically estimated on-line, it simply results from a matrix
multiplication. Hence, updating o from a shape error dsy, requires only to solve a linear
system of equations. Ideally the shape error would be directly obtained from the image
(as for the texture error described in the next section). However, as the image does not
contain any shape information, the shape error is estimated by applying an optical flow
algorithm [2] between the input image and the model image rendered using the current
parameters. We denote by sgf; the shape recovered by optical flow in the image frame.

=fPRS (16)
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Face Identification by Fitting a 3D Morphable Model 9

Rotation, Translation and Scale Parameters Update. Equation 16 is used to update
the shape model parameter ¢ but is not appropriate to update the shape transformation
parameters due to the non-linear interaction of the parameters. Therefore, to recover
these parameters, a Levenberg-Marquardt optimisation [18] is used to minimise the
geometrical error between sg§ and the model points [14]:

arg min ||~ (FPR(E+S a+tsg)+toa) | = (f,0,7,0,24) (17)
f10,7,0,t24

The parameters o and tsg are not optimised. The current value of « is used and t3, is
uniquely determined by « (as it is the centre of mass of s). This optimisation is very
fast as the search space is very low-dimensional (6).

Shape Model Parameters Update. A Shape error, dsoq, is defined as the difference
between the shape recovered by optical flow s;(]; and the shape rendered using the
new rotation and scaling parameters f , g?), ¥, 6 ,t24 and the current estimate of cv. If the
rotation and scaling parameters are kept constant, the dependency between dsoy and «
is linear. Hence, the update of @ which explains the remaining of dso4 (not accounted
for by the rotation, translation and scaling) is obtained in a single step, by solving an
over-constrained linear system of equations:

0soq=f PRS (18)

4.2 Texture Fitting

Ilumination and Colour Transformation Update. The update on p; is performed
while maintaining the other parameters constant. Unfortunately §¢ does not depend
linearly on the p; and, similarly to the p, update aforementioned, we have to resort to
a non-linear Levenberg-Marquardt minimisation [18] to recover the illumination and
colour transformation parameters. The problem to be solved is:

min | 6t ||? (19)
Aamb;Adir,G,c,0

with &t defined by Equation 13. The minimisation can be performed on the ensemble

of the visible vertices or on a subset thereof to decrease computation time. Again, this

optimisation is fast due to the low-dimensionality of the search space (11).

Texture Model Parameters Update. If o, p; and p,. are kept constant Equation 15
becomes:

ot = (Aamb + Adi'r‘) T 5ﬁ (20)

Similarly to the shape parameter update, the texture parameter update is obtained in
a single step by solving an over-constrained linear system of equations performed by
computing the pseudo-inverse of (Agmp + Agir) T Again, to speed-up the processing,
only a subset of the pixels can be used.
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4.3 Model Constraints

The fitting algorithm exploits the fact that the shape and image differences depend
linearly on, respectively, the shape and texture model parameters, if the other parameters

are maintained constant. This restriction introduces a bias in %sé‘i and in 5—1. Therefore

updating « and 3 solely based on Equations 18 and 20 would lead to inaccuracies.
These equations must be traded off with the prior probabilities of the parameters given
by Equation 5. In the remaining of this section, we discuss only the shape parameters.
The same is performed on the texture parameters. Equation 18 solves the following
problem:

min ||dsgq — A dax||? 1)
Yo

where the matrix A isequalto f P R S. Now, instead of solving this problem, we favour
solving the following problem:

rgl(iln(Hést — Ada|?® + 1 locur + dex?) (22)

where a.,, 1S the shape model parameter vector before the update. This formula is
motivated by the fact that the prior probability of & = ., + dcx directly depends on
its norm. The parameter 7 trades off the prior probability and the fitting quality. Applying
singular value decomposition to A yields A = Udiag(w;)V™, where w; are the singular
values of A. It can be shown that Equation 22 is minimal for:

) VT acur (23)

W
o=V di ! UT 6s9q — V diag(———
o wg(w_2 n 7}) Sod wg(w_2 e

Note that (i) if » = 0, the update computed by Equation 23 is the same as the one
obtained by Equation 18 and that (ii) computing the update using Equation 18 is not
much more expensive as computing the update using Equation 23.

Value of 7. The value of 77 depends on the magnitude of ||§s24]|? relative to the magnitude
of ||§cx||? (Equation 22). As dcx also depends on 1) (Equation 23), it appears, at first, that
these values must be tuned through an iterative process. However, ||ds24/|? and ||dcx||?
are related by the singular values of A:

2 H552d||2 w?
" [|de? !

(24)

where w,, and w; are, respectively, the lowest and the largest singular values of A. Hence,
the following algorithm is used to tune 7: At the beginning of the fitting algorithm, A is
strongly biased due to the fact that the other parameters ( f, ¢, v and @) are far from their
optimum, hence we set 7 to the square of one of the first singular values. Then, as the
other parameters reach their optimum, the confidence in A increases, and 7) is decreased
on the spectrum of the singular values of A. More specific detail about this process is
given in the next Section.
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Face Identification by Fitting a 3D Morphable Model 11

S LiST - A Linear Shape and Texture Fitting Algorithm

Based on the inversion of the image formation process detailed in the previous section,
we present, in this section, the fitting algorithm which is summarised in Figure 1. The
key feature of this fitting algorithm is the exploitation of linear relations to update the
shape and texture parameters. Therefore we refer to this algorithm as the Linear Shape
and Texture (LiST) fitting algorithm.

Input Image

1. Model Estimate: This image shows the current model estimate
overlaying the input image. It is used as one of the two input images

@ =TT of the optical flow algorithm.
ED) ;
of 3
Saa ;
L2 Optical Flow: A coarse-to-fine optical flow algorithm is per-
svf 1 formed aiming at recovering the shape deformation, s, between
2d i the input image and the current model estimate
of 3
Sod !
3. Rotation, translation and scale update: f, ¢,~, 0 and tog4
' are updated by solving:
_)S2d ~(min);
| min  [|sy) — (fPR(Z + Sa + tza) + t2a) ||’
| £:9.7,0,24
i using Levenberg-Marquardt.
i 4. Shape update: o is updated by solving the following linear
' system of equations:
8824 = (FPRS) dcx
i Equation 23 is used to solve the system.
tu |
5. lllumination & colour transformation update: Update
min Lt ! Aamb, Adir, G, c and o by solving:
| min B
I Agmb>Adir Gc,0
tar ; using Levenberg-Marquardt.
: 6. Texture update: 3 is updated by solving the following linear
' system of equations:
.ot |

0t = (Aamp + Adir) T 68

Equation 23 is used to solve the system.

Fig. 1. This figure visually demonstrates the six steps of the first iteration of the LiST fitting
algorithm.
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Model Estimate: Before starting the algorithm, the parameters are initialised to
their average values (v = B = 0) except for the pose parameters f, ¢,~, 6 and
to4, which must be estimated by use of other means (manually, using a face-pose
detector or using additional 3D camera and head position information as done in our
experiments (see Section 7)). Also, the direction of the light must be known as this
parameter is not recovered by the algorithm. Based on these parameters, a model
image is generated overlaying the input image. It is used as input of the optical flow
algorithm.

Optical Flow: A coarse-to-fine optical flow algorithm [2] is performed to recover
the shape deformation between the input image and the current model estimate. For
the first iterations there is a large difference between the two images (mostly due
to the fact that the illumination and colour parameters are not recovered yet). This
may lead to inaccuracies in the optical flow algorithm. Therefore the algorithm is
not applied on the raw RGB values but on the images filtered by a Laplacian kernel.
Also, the accuracy of the flow recovered at one pixel depends on the magnitude
of the Laplacian at that pixel. Therefore only the flow of the salient pixels whose
Laplacian is higher than a threshold (the salient pixels) is used.

. Rotation, translation and scale update: f,¢,~,0 and ¢, are updated by min-

imising the difference between the shape recovered by optical flow and the model
shape over the set of salient pixels. This is achieved by solving Equation 17. As the
cost function is non-linear, the minimisation is carried out by a Levenberg-Marquardt
algorithm [18].

Shape update: « is updated by solving the linear Equation 18 by use of Equa-
tion 23. The value of 7 is chosen based on the iteration number. At the beginning of
the algorithm, the shape derivative is strongly biased due to the fact that the other
parameters are far from their optimum. Hence a strong weight on the prior probabil-
ity must be chosen. Therefore, at the first iteration, 7 is set to wfl , where w; are the
singular values of the gradient matrix, i, = 0.1 n and n is the number of singular
values (i.e. the number of shape parameters). At the second iteration, 12 = 0.2 - n,
and so forth. At the tenth iteration and thereafter, the cost function is not influenced
by the prior probabilities anymore.

. lllumination and colour transformation update: Similarly to step 3, Aump, Adir

G, c and o are updated by solving Equation 19 using a Levenberg-Marquardt algo-
rithm [18].

Texture update: Similarly to step 4, the texture parameters 3 are updated by
solving the linear Equation 20 by use of Equation 23. The selection of 7 is the same
as explained at step 4. After this step, all the parameters have been successively
updated and a new iteration is started at step 1. The iterative algorithm is stopped
when ||§¢||? obtained after this iteration becomes stationary.

Discussion

Building on our earlier 3D morphable model fitting using stochastic gradient descent
(SGD) [5], we now developed LiST, an algorithm which takes advantage of the linear
parts of the model. Applied to the problem of face recognition, we achieved with LiST a
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Face Identification by Fitting a 3D Morphable Model 13

similar performance than the SGD algorithm in a more efficient manner (5 times faster).
LiST departs from SGD in that it estimates different shape and texture errors which
are used to update the shape and texture model parameters separately. The accuracy
of the shape estimate depends on the goodness of the texture estimate and vice-versa.
Therefore, it is paramount to interleave shape and texture update as the convergence of
one helps the convergence of the other. The ability of LiST to recover out of the image
plane rotation and directed illumination (see experiments in Section 7) originates from
the fact that it is based on a model which closely approximates physical reality.

LiST bears some resemblance with the Active Shape Model (ASM) [10] and with
the Vectorizer [3]. The ASM recovers the 2D shape of objects, represented as a sparse
number of landmark points, using an equation similar to the Equation 18. Apart from
the shape representation (dense physically-based 3D shape as opposed to sparse 2D
shape), the main difference between LiST and ASM lies in the shape error estimation.
As the ASM lacks a texture model, the shape is recovered by searching the image for
edges along the normals of the 2D shape. By contrast, LiST uses the full estimate of the
texture model to constraint the optical flow shape recovery, thereby using more image
information than the ASM.

The Vectorizer [3] recovers the shape using optical flow between the input image
and a model-generated image in a similar fashion to steps 1 and 2 of LiST. However,
the Vectorizer lacks a shape model and hence the shape yielded by optical flow is not
constrained by a shape prior probability as is achieved by LiST via Equations 18 and 23.

As mentioned in Section 4, the main difference between Image Difference Decom-
position algorithms and LiST is the utilisation by LiST of an explicit shape error which
allows us to take advantage of the linearities of the shape model to recover the shape
parameters. On the other hand, in IDD the shape error is implicitly represented in the
texture error which is, as explained in Section 4, a source of non-linearities. As these
non-linearities are modelled by a constant Jacobi matrix, IDD is not designed to be used
on a general problem such as face image fitting exhibiting pose and light variations.
To model only one non-linear degree of freedom (the azimuth angle) Cootes et al. had
to learn five constant gradient matrices [9]. In presence of combined pose and illumi-
nation variation the number of constant Jacobi matrices required to approximate the
non-linearities would increase exponentially.

7 Experiments

In this sections, the fitting and identification performances are investigated on the Pose
Illumination and Expression (PIE) database from CMU [21] which exhibits combined
variations of pose and directed light. None of the 68 individuals in the PIE database is
in the training set of 3D scans. We selected two portions of the database to carry out our
tests: The first part includes pose variations at ambient light: each individual is imaged
from 13 different poses (884 images overall). The second portion presents variation with
respect to both pose and directed illumination and with an ambient light. Each individual
is imaged at 3 poses and illuminated from 22 different directions (4488 images overall).
The cameras and flashes are distributed in an hemisphere in front of the subject as shown
in Figure 2.
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Fig. 2. PIE database camera and light positions. (a) A plot of the azimuth and altitude angles of
the cameras, along with the camera ID number. 9 of the 13 cameras sample a half circle at roughly
head height ranging from a full left to a full right profile view(+/- 60 degrees); 2 cameras were
placed above and below the central camera; and 2 cameras were positioned in the corners of the
room. (b) 3D locations of the cameras, the flashes and the head. Courtesy of [21] and [13].

7.1 Fitting

Before fitting a face image, the face must be detected, its pose estimated and the direction
of the light must be known. During execution of the algorithm, it refines the estimate of
the face location and pose but leaves the approximation of the light direction constant.
The initial value of all the other parameters is their average value. For the experiments
on the PIE database, the face pose was estimated automatically from the geometrical
information provided by the CMU database. Indeed, the 3D position of the cameras, the
light sources and the head were recorded at the time of the data acquisition [21]. These
data allow us to recover an initial estimate of the azimuth of the face (¢) and the direction
of the light 1. The two other angles determining the pose of the face (6 and ) were left
to their average value (0). 2D translation and size parameters, t24 and f, were estimated
using the 2D positions of the two eyes and the mouth also provided by the maker of
the database. As explained in [13], the 2D locations were automatically recovered using
Facelt’s face finding module and manually verified.

On average, the algorithm converges in 8 iterations. The time required per iteration is
less than a minute on a Pentium III 800 MHz. More than the half of this time is consumed
in the optical flow computation. We anticipate an important speed up of the algorithm if
we apply it in a coarse to fine approach, however the impact of this implementation on
the algorithm performances must be carefully evaluated.

Figure 3 shows five fitting examples. The first line depicts the initial values of the
parameters, the second represents the fitted model image and the last shows the original
inputimages. Due to legal reasons, we are allowed to show images of very few individuals
only. Unfortunately, this subset of individual is not representative of the whole database
as many persons wore glasses and have facial hair.
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Face Identification by Fitting a 3D Morphable Model 15

Fig. 3. Examples of Fitting. Top row: Initial parameters, Middle row: Fitting result, Bottom row:
Input image. The fourth column is an example of bad fitting.

7.2 Identification

The fitting procedure provides shape and texture coefficient which, as explained in
Section 2, depends of the identity only. Identification of a novel face image is performed
by matching the coefficients recovered from the image with the coefficients recovered
from the image of a known individual. The matching criterion used is a simple nearest
neighbour classification rule using the following correlation-based similarity measure:

(a, ) (8,8
d=
el [l - 1811118l

(25)

where the primed symbols pertain to the gallery image (known individuals) and the non-
primed to the probe image (novel images). We use the closed universe model whereby
every probe image shows an individual that can be found in the gallery. To enable past
and future algorithm assessment, we made publicly available our identification results
on our web page': for each probe image we provide the ordered list of gallery images
along with the distance d between the gallery images and the probe image.

"http://graphics.informatik.uni-freiburg.de/publications/list
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Pose variations. Here, the performances of the fitting algorithm are evaluated with
respect to identification across 13 different poses with ambient light. The gallery contains
a single image per individual at the same pose. Each pose is used in turn in the gallery.
Table 1 shows the complete confusion matrix. Each of the 13 x 13 cells refer to an
identification experiment of 68 probe images using a gallery of 68 individuals. The
last column of the table shows the percentage of correct identification for a particular
gallery view averaged on the entire probe set. The only reported results of this set of
experiments (performed on the same images using the same initial parameters (eyes
and mouth coordinates)) is in [13] using Visionics Facelt, one of the most successful
commercial face recognition system. Facelt finished as the top performer in the Face
Recognition Vendor Test 2000 [4]. Visionics claim that Facelt can handle pose variation
up to 35 degrees in all direction. Our identification results outperform Facelt in all 169
cells. For front gallery and probe views, our algorithm outperforms Facelt by a few
percents and the improvement of our algorithm compared to Facelt increases as the
probe and gallery pose increase, averaging to more than 60 % correct identification
augmentation. These results clearly show that, for pose-invariant face identification, a 3D
representation is valuable.

Table 1. Confusion table for pose variation. Each row of the confusion table shows the recognition
percentage on each of the probe poses given a particular gallery pose. The camera position,
indicated by its azimuth and altitude angles is shown in Figure 2. The table layout is courtesy
of [13].

azimuth 66 || -47 || -46 || -32 || -17 || © 0 0 || 16 || 31 || 44 || 44 || 62
altitude 3013 2 2 2 15 2 |[19]] 2 2 2 |13 3
Probe Pose || 34 || 31 || 14 || 11 |[ 29 || 09 || 27 || 07 || 05 || 37 || 25 || 02 || 22 ||{mean
Gallery Pose

34 - || 81 || 84 || 78 || 60 || 56 || 54 || 41 || 43 || 44 || 50 || 53 || 53 || 6!
31 91 || - || 96 || 93 || 87 || 82| 79 || 78 || 69 || 65 || 63 || 57 || 47 || 77
14 88 || 97 || - [|100]| 93 || 78 || 85 || 82 || 68 || 62 || 54 || 62 || 51 79
11 76 (| 94 | 99 || - || 94 || 85 || 94 || 91 || 74 || 65 || 50 || 53 || 44 || 78
29 60 || 84 [| 90 || 96 || - || 94 || 96 || 93 || 78 || 68 || 59 || 54 || 40 || 78
09 53 (| 79 || 81 || 88 || 94 || - |[ 97 || 90 || 87 || 84 || 76 || 69 || 43 || 80
27 49 || 78 || 87 ] 93 || 97 || 99 || - || 99 || 99 || 94 || 75 || 76 || 50 || 84
07 35 (| 75 || 81 || 96 || 93 [ 90 || 99 || - || 93 || 82 || 62 || 62 || 38 || 77
05 46 || 78 || 85 || 88 || 90 || 93 || 99 || 94 || - || 93 || 91 || 85 || 63 || 85
37 47 || 81 || 78 || 82 || 82 || 85 || 93 || 79 || 94 || - || 91 || 90 || 78 || 83
25 50 | 71 || 72 || 60 || 71 || 84 || 85 || 65 || 82 || 85 || - || 88 || 84 || 77
02 49 || 56 || 65 || 60 || 62 || 71 || 78 || 68 || 75 || 90 || 91 -l 81 73
22 56 || 43 || 51 || 44 || 43 || 49 || 47 || 50 || 57 || 71 || 74 || 84 || - 59

Combined pose & light variations. Here, we used the portion of the PIE database
containing 4488 images of faces of 68 individuals viewed from 3 poses (front (camera
27), side (cam. 5) and profile (cam. 22)) and illuminated from 21 different directions.
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Again only a single image per individual is used in the gallery. Each pose is used in turn
in the gallery. We chose light number 12 for the gallery as the fitting is generally fair at
that condition. Table 2 shows the confusion matrix for each gallery broken down into
probe views and illuminations. It appears that the best generalisation performances are
obtained with a side-view gallery. As expected, the poorest performances are obtained
by a profile-view. This is probably due to the lack of features at that view: only one eye
visible, no nostril edges, only half a mouth visible. The results for generalisation across
light variation for similar or near-by poses (front and side) are promising. The decrease in
identification performance for profile views is similar to that experienced with ambient
light only (see previous paragraph). Therefore we conjecture that this performance drop
is due more to pose variation than to light variation. To augment our understanding of the
effects of combined pose-illumination variations on identification accuracy, an image
database with more poses should be used.

Table 2. Identification results in presence of combined pose and illumination variation. The first
column lists the directed light number. The three groups of triple columns show the results obtained
for three different galleries: Front, side and profile. For each gallery, the percentage of correct
identification for a pose-illumination condition is displayed. See Figure 2 for flash light positions.

Front Gallery Side Gallery Profile Gallery
light | |Front|Side|Profile| |Front|Side|Profile| |Front|Side|Profile
ambient| | 97 | 84 | 48 88 | 91 | 49 57 | 12| 87
2 71 | 60 | 22 50 | 69 | 31 29 | 49 | 51
3 95 | 78 | 28 84 | 87 | 26 63 | 54 | 54
4 98 | 83 | 45 85 | 96 | 47 54 | 51| 66
5 98 | 91 | 65 94 | 97 | 65 51 | 53| 81
6 98 | 89 | 65 94 [ 100 | 65 65 | 62 | 84
7 98 | 92 | 65 9% | 99 | 71 57 | 65 | 87
8 98 | 94 | 48 99 | 100 | 71 63 | 18 | 96
9 100 | 97 | 57 100 | 100 | 75 69 | 88 | 100
10 98 | 89 | 58 93 | 99 | 71 60 | 60 | 78
11 100 | 97 | 72 97 | 100 | 82 66 | 75 | 93
12 - 98| 78 99 | - 91 75 | 78 -
13 98 | 97 | 77 100 | 100 | 91 82 | 85 | 100
14 98 | 98 | 83 99 | 100 | 91 82 | 90 | 100
15 98 | 97 | 80 97 | 100 | 93 81 | 90 | 100
16 95 | 94 | 71 99 | 99 | 84 87 | 93 | 100
17 97 | 89 | 75 91 | 94 | 87 76 | 85 | 100
18 97 | 85 | 58 88 | 96 | 60 43 | 47 | 78
19 97 | 86 | 54 88 | 99 | 57 51 | 50 | 81
20 100 | 97 | 72 99 | 100 | 75 59 | 71 85
21 100 | 98 | 58 100 | 100 | 81 74 | 19 | 97
22 97 [ 97 | 78 97 | 100 | 90 74 | 90 | 100
mean 97 | 91 60 93 | 96 | 71 65 | 71 86
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8 Conclusion

This paper presented LiST, a novel algorithm for fitting a 3D Morphable Model to
face images. LiST exploits the linearity of the model in the recovery of shape and
texture parameters leading to a robust and efficient algorithm. The shape parameters are
recovered using linear equations from a shape error estimated by optical flow (using
the input image and the current texture). The texture parameters are also computed
using linear equations from a texture error estimated using the current shape. LiST
was evaluated on the difficult problem of combined pose-illumination variation face
identification. State of the art results were obtained. However they should be confirmed
on a database containing more individuals. LiST opens up avenues for further research:
Initial parameters robustness: Now that the usefulness of our algorithm has been
shown on face identification applications, we want to evaluate the performance of our
algorithm with respect to noisy initial parameter estimation.

Efficiency: An efficient way of speeding up the algorithm is to implement it in a coarse
to fine fashion. We are planning to evaluate the impact of a coarse to fine implementation
on the algorithm performances.

Illumination Recovery: Recently, Basri ef al. [1] and Ramamoorthi ef al. [19] have
shown that the diffuse part of the illumination was well approximated by a 9D linear
space. We want to leverage these findings in our algorithm and recover the light parame-
ters also using linear equations. Additionally, this method would alleviate the constraints
on the initial light direction requirements.

Acknowledgement. We thank Simon Baker and Ralph Gross for providing us with
PIE, a great face image database and for the support they gave us in the use of it. We
also thank Nikos Canterakis for interesting discussions. This material is based upon
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