APPENDIX
1008C



Meta Platforms, Inc.
Exhibit 1012
Page 168



Meta Platforms, Inc.
Exhibit 1012
Page 169



Meta Platforms, Inc.
Exhibit 1012
Page 170



Meta Platforms, Inc.
Exhibit 1012
Page 171



Linda Hall Library record link =
https://catalog.lindahall.org/permalink/O1LINDAHALL INST/19lda7s/alma993595233405961

MARC record

Source record page
leader 01661cam a22003971a 4500

001
005
008
010
020
020
035
035
035
035
040
049
090
111

993595233405961
20030404203300.0

01120452001 njua b 1010engd
##Sa 2001091204
##5a9780780371262
##5a0780371267
##S5a(0ColLC)48525034

##59494218
##Sa(MoKL)359523-lhalldb
##Sa(lhalldb)359523-lhalldb

##SalHL ScLHL

#HSalHLA

##S5aTK7881.4 $b.134 2001

2#SalEEE ASSP Workshop on Applications of Signal Processing to Audio and Acoustics

$d(2001 : $cNew Paltz, N.Y.)

245

10$aProceedings of the 2001 IEEE Workshop on Applications of Signal Processing to

Audio and Acoustics : SbOctober 21-24, 2001, Mohonk Mountain House, New Paltz, New York,
USA / ScIEEE Signal processing Society.

246
246
246
246
260
300
500
500
500
504
530
650
650
650
650
650
710
948

31SaWorkshop on Applications of Signal Processing to Audio and Acoustics
31SalEEE Workshop on Applications of Signal Processing to Audio and Acoustics
31SalEEE WASPAA 2001

31SaWASPAA 2001

##SaPiscataway, New Jersey : SbIEEE, $cc2001.

##Savii, 231 p. : Sbill. ; $¢28 cm.

##Sa"... (WASPAA)..."--p. i.

#itSaCover title.

##Sa"IEEE Catalog Number 01TH8575"--verso of T.p.

##Salncludes bibliographic references and author index.

##SaAlso available via the World Wide Web.

#0SaSound SxRecording and reproducing SxMathematics SvCongresses.
#0SaSignal processing SxDigital techniques SvCongresses

#0SaAcoustical engineering SvCongresses

#0SaElectro-acoustics SvCongresses.

#0SaMusic SxAcoustics and physics SvCongresses.

2#SalEEE Signal Processing Society

##Sal Tl 09/01/2008

Meta Platforms, Inc.

Exhibit 1012
Page 172



APPENDIX
1008D



Meta Platforms, Inc.
Exhibit 1012
Page 174



Meta Platforms, Inc.
Exhibit 1012
Page 175



Meta Platforms, Inc.
Exhibit 1012
Page 176



Meta Platforms, Inc.
Exhibit 1012
Page 177



Meta Platforms, Inc.
Exhibit 1012
Page 178



APPENDIX
1008E



WebVoyage Record View 1 https://cocatal 0g.loc.gov/cgi-bin/Pwebrecon.cgi v1=8&ti=1,8& Sear...

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

Database Name: Copyright Catalog (1978 to present)
: Keyword = Applications of Signal Processing to Audio and Acoustics

‘ previous next ’

[ Labeled View

Proceedings of the 2001 | EEE workshop on the applications of signal...

Relevance EH N H
Type of Work: Entry Not Found
Registration Number / Date: TX0005535235 / 2002-05-02

Title: Proceedings of the 2001 | EEE workshop on the applications of signal processing to
audio and acoustics, October 21-24, 2001, Mohonk Mountain House, New Paltz,
New York, USA.

Description: 231 p.
Copyright Claimant: |EEE
Date of Creation: 2001
Date of Publication: 2001-10-21
Copyright Note: C.O. correspondence.
Variant title: Proceedings of the 2001 |EEE workshop on the applications of signal processing to
audio and acoustics, October 21-24, 20

Other Title: workshop on the applications of signal processing to audio and acoustics, October
21-24, 2001, Mohonk Mountain

Names: |EEE

‘ previous || next ’

| Record Options

‘Select Download Format: \Z\ \ Format for Print/Save \

‘Enter your email address: | | Email |

‘Save results for later: | Save To Bookbag j

Contact Us | Request Copies | Get a Search Estimate | Frequently Asked Questions (FAQs) about Copyright |
Copyright Office Home Page | Library of Congress Home Page

lofl 3/1/23,5:23 PM

Meta Platforms, Inc.
Exhibit 1012
Page 180


https://www.copyright.gov/
https://www.copyright.gov/
https://publicrecords.copyright.gov/
https://publicrecords.copyright.gov/
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=7&ti=1,7&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=7&ti=1,7&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=9&ti=1,9&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=9&ti=1,9&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?SC=Author&SEQ=20230301172011&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SA=IEEE
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?SC=Author&SEQ=20230301172011&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SA=IEEE
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=7&ti=1,7&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=7&ti=1,7&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=9&ti=1,9&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://cocatalog.loc.gov/cgi-bin/Pwebrecon.cgi?v1=9&ti=1,9&SEQ=20230301172011&Search%5FArg=Applications%20of%20Signal%20Processing%20to%20Audio%20and%20Acoustics&Search%5FCode=FT%2A&CNT=25&PID=Js80cOeDt5uZ3ghNIiAEj2qFOsHX&SID=4
https://www.copyright.gov/help
https://www.copyright.gov/help
https://www.copyright.gov/help
https://www.copyright.gov/circs/circ06.pdf
https://www.copyright.gov/circs/circ06.pdf
https://www.copyright.gov/circs/circ06.pdf
https://www.copyright.gov/forms/search_estimate.html
https://www.copyright.gov/forms/search_estimate.html
https://www.copyright.gov/forms/search_estimate.html
https://www.copyright.gov/help/faq
https://www.copyright.gov/help/faq
https://www.copyright.gov/help/faq
https://www.copyright.gov/
https://www.copyright.gov/
https://www.copyright.gov/
https://www.loc.gov/
https://www.loc.gov/
https://www.loc.gov/

APPENDIX
1008F



Appendix 1008F
Early Citations to Algazi

Source document

Algazi, V. R., Duda, R. O., Thompson, D. M., & Avendano, C.,(2001, October),
“The cipic hrtf database,” in Proceedings of the 2001 IEEE Workshop on the

Applications of Signal Processing to Audio and Acoustics (Cat. No.
01TH8575), pp. 99-102.

Early Citations: 2002-2003 (in chronological order)

Rocchesso, D. (2002, June). Audio effects to enhance spatial information displays.
In Proceedings. First International Symposium on 3D Data Processing
Visualization and Transmission (pp. 214-223). IEEE.

Zotkin, D. N., Duraiswami, R., Davis, L. S., Mohan, A., & Raykar, V. (2002,
August). Virtual audio system customization using visual matching of ear

parameters. In 2002 International Conference on Pattern Recognition (Vol.
3, pp. 1003-1006). IEEE.

Baumgarte, F., & Faller, C. (2002, October). Design and evaluation of binaural cue
coding schemes. In Audio Engineering Society Convention 113. Audio
Engineering Society.

Dittberner, A. B. (2002, December). 4 three dimensional instrument-based
approach to estimating the directivity index and predicting the directional
benefit of directional microphone systems in hearing aids. The University of
Iowa.

Zotkin, D. N. (2002). Algorithms for acquisition and rendering of sounds in
perceptual user interfaces. University of Maryland, College Park.

Grassi, E., Tulsi, J., & Shamma, S. (2003, July). Measurement of head-related
transfer functions based on the empirical transfer function estimate,
Proceedings of the 2003 International Conference on Auditory Display,
Boston, MA, USA, July 6-9, 2003.

Mohan, A., Duraiswami, R., Zotkin, D. N., DeMenthon, D., & Davis, L. S. (2003,
July). Using computer vision to generate customized spatial audio. In 2003

Meta Platforms, Inc.
Exhibit 1012
Page 182



International Conference on Multimedia and Expo. ICME'03. Proceedings
(Cat. No. 03THS8698) (Vol. 3, pp. 111-57). IEEE.

Noisternig, M., Musil, T., Sontacchi, A., & Holdrich, R. (2003, July). 3D binaural
sound reproduction using a virtual ambisonic approach. In IEEE
International Symposium on Virtual Environments, Human-Computer
Interfaces and Measurement Systems, 2003. VECIMS'03. 2003 (pp. 174-
178). IEEE.

Meta Platforms, Inc.
Exhibit 1012
Page 183



Meta Platforms, Inc.
Exhibit 1012
Page 184



Meta Platforms, Inc.
Exhibit 1012
Page 185



APPENDIX
1011A



Meta Platforms, Inc.
Exhibit 1012
Page 187



Meta Platforms, Inc.
Exhibit 1012
Page 188



Meta Platforms, Inc.
Exhibit 1012
Page 189



APPENDIX
1011B



W

INTERACTING
WITH
COMPUTERS

16

20pA

QA 76
9
.H85 I59

Set 1




Computers

The Interdisciplinary Journal of
Human-Computer Interaction

Exhibit 1012
Page 192



AC I GWIT CO T S

tal

Volume 16 (2004)
Special Issue

Physiological Computing

ol

Guest Editor:

Winslow Burleson

MIT Media Laboratory
20 Ames Street
Cambridge, MA 02139, USA
E-mail: win@ media.mit.edu

ol

¢
¢
¢
¢
ELSEVIER
¢
s Amsterdam - Boston-Jena—-London-New York—Oxford - Paris - Philadelphia-St. Louis

Meta Platforms, Inc.
Exhibit 1012
Page 193



Interacting with Computers is an international journal published by Elsevier B.V

hutp://www.elsevier.com/locale/intcom

Address for submissions: Papers may be submitted to the General Editor

Subscription enquiries and orders: Elsevier B.V., Order Fulfilment Department, PO Box 211, 1000 AE Amsterdam, The Netherlands.
Tel : +31 (20) 485 3642; Fax: +31 (20) 485 3598,

Annual institutional subscription rates 2004 (6 issues): Associated personal subscription rates are available on request for those whose
institutions are library subscribers. Non-VAT registered customers in the European Community will be charged the appropriate VAT in
addition (o the price listed. Prices include postage and insurance and are subject to change without nolice

Back issues: are available from Oxford Fulfilment Centre, Elsevier Lid, The Boulevard, Langford Lane, Kidlington, Oxford OX5 1DX,
UK. Tel.: +44 (0)1865 843699; Fax: +44 (0)1865 84391 1; e-mail: journals@elsevier co uk

Advertising information: Adverlising orders and enquiries may be sent to: Europe and ROW: Miss Kalrina Barton, Commercial Sales,
Elsevier, 84 Theobald's Road, London, WC1X 8RR; phone: (+44) (0) 20 7611 4117; fax: (+44) (0) 20 7611 4463; e-mail: commercialsa-
les@elscvier com USA, Canada and South America: Mr Tino DeCarlo, Elsevier Inc., The Advertising Department, 360 Park Avenue
South, New York, NY 10010-1710, USA; phone: (+1) (212) 633 3815; fax: (+1) (212) 633 3820; e-mail: t.decarlo@elsevier com. Japan:
The Advertising Depariment, Elsevier K.K., 4F Higashi-Azabu, [-Chome Bldg, 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106-0044,
Japan; phone: (+81) (3) 5561 5037; fax: (+81) (3) 5561 5047; e-mail: jp.info@elsevier.com

Microfilm: A microfilm version of Interacting with Computers is available from University Microfilms Tnc., 300 N. Zeeb Road, Ann Arbor,
MI 48106-1346, USA.

USA mailing notice: /nteracting with Computers (ISSN 0953-5438) is published bi-monthly in January, March, May, July, September and
December by Elsevier B.V (PO Box 211, 1000 AE Amsterdam, The Netherlands). Annual subscription price in the USA US$ 779 (valid
in North, Central and South America), including air speed delivery. Applicalion (o mail at periodical poslage rate is pending at Jamaica, NY
11431,

USA POSTMASTER: Send address changes to Inferacting with Computers , Publications Expediting Inc., 200 Meacham Ave, Elmont,
NY 11003

AIRFREIGHT AND MAILING in the USA by Publications Expediting Inc., 200 Meacham Avenue, Elmont, NY 11003

Copyright © 2004 Elsevier B V. All rights reserved

This journal and the individual contributions contained in it are protected by the copyright of Elsevier B.V and the following terms and
conditions apply to their usc

Photocopying

Single photocopies of single articles may be made for personal use as allowed by national copyright laws. Permission of the publisher and
payment of a fee is required for all other photocopying, including multiple or systemalic copying, copying for adverlising or promotional
purposes, resale, and all forms of document delivery. Special rates are available for educational institutions thal wish to make photocopies
for non-profit educational classroom use.

Permissions may be sought directly from Elsevier's Rights Department in Oxford, UK; phone (+44) 1865 843830, [ax: (+44) 1865 853333,
e-mail: permissi ier com. Req may also be leted on-line via the Elsevier home page (http://www elsevier com/locate/
permissions)

In the USA, users may clear permissions and make payment through the Copyright Clearance Center, Inc , 222 Rosewood Drive, Danvers,
MA 01923, USA; phone: (978) 7508400, fax: (978) 7504744, and in the UK through the Copyright Licensing Agency Rapid Clearance
Service (CLARCS), 90 Totlenham Court Road, London W1P OLP, UK: phone: (+44) 171 631 5555, fax: (+44) 171 631 5500 Other
countries may have a local reprographic rights agency for payments.

Derivative Works

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal circulation within their institutions
Permission of the publisher is required for resale or distribution outside the institution

Permission of Lhe publisher is required for all other derivative works, including compilations and translations.

Electronic Storage or Usage

Permission of the publisher is required to store or use electronically any material ined in this journal, i
article. Contact the publisher at the address indicated

Except as outlined above, no part of this publication may be reproduced, stored in a ictrieval system or lransmitted in any form or by any
means, electronic, mechanical, pholocopying, recording or otherwise, without prior wrilten permission of Lhe publisher.

Address permissions requests to: Elsevier Rights Department, at the [ax and e-mail addresses noted above.

any arlicle or part ol an

Notice

No responsibilily is assumed by the Publisher for any injury and/or damage to persons or properly as a matter of products liability,
negligence or otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the material herein
Because of rapid advances in the medical sciences, in particular, independent verification of diagnoses and drug dosages should be made
Although all advertising material is expected Lo conform to ethical (medical) standards, inclusion in this publication does not conslitute a
guarantee or cndorsement of the qualily or value of such product or of the claims made of il by its manufacturer.

@ The paper used in this publication meets the requirements of ANSI/NISO 739 48-1992 (Permanence of Paper).

Printed in The Netherlands

o o

o

Meta Platforms, Inc.
Exhibit 1012
Page 194

F,

Ir



Available online at www.sciencedirect.com

SCIENCB@DIRICT- ln_l‘eracting
with

ELS R Computers

www.elsevier.com/locate/intcom

Interacting with Computers: the Interdisciplinary
Journal of Human—Computer Interaction

Volume 16 Issue 5 October 2004

Special Issue (Includes Regular Papers)
Physiological Computing

Editorial
Winslow Burleson 851

A research agenda for physiological computing
Jennifer Allanson and Stephen H. Fairclough 857

An analysis of facial movement tracking in ordinary human-computer
interaction

Robert Ward 879
On physiological computing with an application in interactive art

Ernest Edmonds, Dave Everitt, Michael Macaulay and Greg Turner 897
A platform for wearable physiological computing

Astro Teller 917
Regular Papers

Desktop virtual environments: a study of navigation and age
H. Sayers 939

Investigating actability dimensions: a language/action perspective on criteria
for information systems evaluation
Par J Agerfalk 957

An experimental study on the role of software synthesized 3D sound in
augmented reality environments
Zhiying Zhou, Adrian David Cheok, Xubo Yang and Yan Qiu 989

For more information visit the journal homepage http://www.elsevier.com/locate/intcom

Interacting with Computers is the journal of the British HCI Group,
a Specialist Group of the British Computer Society

Meta Platforms, Inc.
Exhibit 1012

Page 195



B D

<

< &

¢ o & -

-

e

e & —o0 o

L 8

oo

»

Available online at www.sciencedirect.com

Interacting
SCIENCE DIRECT"*
@ with

o Computers
FELSEVIER Interacting with Computers 16 (2004) 989-1016

www.elsevier.com/locate/intcom

An experimental study on the role of software
synthesized 3D sound in augmented
reality environments

Zhiying Zhou, Adrian David Cheok™, Xubo Yang, Yan Qiu

Department of Electrical and Computer Engineering, National University of Singapore, Singapore 117576

Received 19 January 2004; revised 17 April 2004; accepted 17 June 2004
Available online 5 August 2004

Abstract

Investigation of augmented reality (AR) environments has become a popular research topic for
engineers, computer and cognitive scientists. Although application oriented studies focused on audio
AR environments have been published, little work has been done to vigorously study and evaluate
the important research questions of the effectiveness of 3D sound in the AR context, and to what
extent the addition of 3D sound would contribute to the AR experience.

Thus, we have developed two AR environments and performed vigorous experiments with human
subjects to study the effects of 3D sound in the AR context. The study concerns two scenarios. In the
first scenario, one participant must use vision only and vision with 3D sound to judge the relative
depth of augmented virtual objects. In the second scenario, two participants must co-operate to
perform a joint task in a game-based AR environment.

Hence, the goals of this study are (1) to access the impact of 3D sound on depth perception in a
single-camera AR environment, (2) to study the impact of 3D sound on task performance and the
feeling of ‘human presence and collaboration’, (3) to better understand the role of 3D sound in
human-computer and human-human interactions, (4) to investigate if gender can affect the impact of
3D sound in AR environments. The outcomes of this research can have a useful impact on the
development of audio AR systems which provide more immersive, realistic and entertaining
experiences by introducing 3D sound. Our results suggest that 3D sound in AR environment
significantly improves the accuracy of depth judgment and improves task performance. Our results

* Corresponding author. Tel.: +6874-6850; fax: +6779-1103.
E-mail address: adriancheok@nus.edu.sg (A.D. Cheok).

0953-5438/$ - see front matter © 2004 Published by Elsevier B.V
doi:10.1016/j.intcom.2004.06.014
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also suggest that 3D sound contributes significantly to the feeling of ‘human presence and
collaboration’ and helps the subjects to ‘identify spatial objects’.
© 2004 Published by Elsevier B.V.

Keywords: 3D sound; Augmented reality; Depth perception; Localization of sound; Task performance; Collaboration;
User studies

1. Introduction

Audio feedback, especially 3D sound, has proven itself to be an effective addition to
human-—computer interfaces in many studies. Sounds can be used to present information
that would otherwise be difficult to convey through other means (Gaver et al. 1991).
Moreover, 3D sound can convey location information for specific alerts or warnings. Also,
3D sound was reported to increase the immersive experience in virtual reality (VR)
environments and hence provide a more realistic virtual environment (Begault 1994).
Furthermore, the addition of 3D sound has been shown to increase the performance in
active tasks (Wenzel, 1996; Avionique). In previous works, Mereu (1995) suggested that
sound could improve depth perception in 3D interfaces. Makino et al. (1996) also
indicated that spatialized sound from virtual acoustic display helps fast and accurate
navigation. Additionally, simulations by Gaver et al. (1991) suggested that auditory icons
can play a significant role in multiprocessing and collaborative system. Unlike VR in
which extensive research has been carried on 3D sound, augmented reality (AR) aided by
3D sound is still a relative new research area.

AR, as placed on the reality—virtuality continuum (Milgram et al., 1994), refers to
the incorporation of virtual computer graphics objects into a real world scene, or
alternatively the inclusion of real world elements into a virtual environment. The
former case is generally referred to as AR, and the latter as augmented virtuality.
Azuma (1997) has defined three characteristics that are integral to an AR interface.
First, it combines the real and the virtual. Second, it is interactive in real time. Third,
it is registered in three dimensions. Although AR is often associated with visualization
(starting with the first head-mounted display by Sutherland (1968)), augmentation is
also possible in the aural domain (Cohen et al., 1993; Mynatt et al., 1997). If we
extend this notion to include sonic effects, a real-time registered three dimensional
(3D) sound could also be a paradigm of AR applications, and is termed augmented
audio reality (AAR) (Cohen et al., 1993).

A few applications have applied 3D sounds in AR to enhance user experiences.
Billinghurst et al. (1998) presented a prototype wearable communication space that uses
spatial visual and audio cues to enhance communication between remote groups of people.
The ‘Listen Project’ (Eckel et al., 2001) provides users with intuitive access to personalize
and situated audio information spaces while they naturally explore everyday environ-
ments. It augments the physical environment through a dynamic sound-scape, which users
experience over motion-tracked wireless headphones. The ‘Magic Music Desk’ (Zhou
et al., 2002) registered virtual sound sources on fiducial markers from which 3D position
information was retrieved by vision-based tracking method (Kato and Billinghurst, 1999).
“Touch space’ (Cheok et al., 2004) applied different 3D sounds to represent different

<>
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moving avatars in AR environment. Although there are quite a few AAR applications,
the effectiveness of 3D sound in AAR has been rarely investigated. The particular research
problems and questions that arise are:

1. Exact spatial 3D sound in virtual and augmented environments requires perceptual
externalization of the sound source, which can only be brought about by using head
related transfer functions (HRTFs) (Bill G, 1994) (these are tuned to each individual),
reflections, reverberation, etc. (Wenzel, 1994) which might be too complex to be
included in normal real time AR applications (which need to be a real time interactive
system for any user without individual training). An alternative way to generate 3D
sound is to use open source software development kits (SDKs) which have already
incorporated the general HRTFs database and simple model of environment to generate
3D sound. The minimum requirement of these SDKs to generate 3D sound is to update
the relative position of the virtual sound source to the head co-ordinate system. Thus,
with such sound sources, a problem turns to be how can we track the sound source
relative to user’s head co-ordinate system.

2. How can we precisely register virtual sound sources in the physical world? More
specifically, what kind of tracking method is suitable for obtaining precise position and
orientation of the sound source in AR environments?

3. As 3D sound has been reported to improve depth perception (Mereu S, 1995) in 3D
interfaces, will this argument stand in AR environment? If so, how can we investigate
the effect of 3D sound? For example, what measures can be defined to quantify the
performance of depth judgments?

4. Normally the space of AR environments is relatively small, and the attenuation of
sound with distance in this small area can be too vague to be perceived. This is because
in most 3D sound systems, the intensity of sound (a very strong distance cue) would
follow incremental reductions of 6 DB for each successive position of doubled distance
(Begault, 1994). This means that for small areas, the 3D sound hardly plays a role to
provide a cue to the depth (or the distance of the frontal sound sources). In order to
make 3D sound give a cue to depth in a small space, we need to exaggerate the intensity
difference of 3D sound according to distance (depth) changes of the virtual sound
sources. However, this leads to a new issue, which is to research if this exaggeration
will ruin the realistic and immersive feeling which we have been focused on. It needs to
be investigated what are the subjective feelings on this exaggeration to the human.

5. Does 3D sound still improve the task performances in AR environment? If so, what
kind of tasks can be used to evaluate a user’s performance and what measures can be
applied to investigate the 3D sound’s effect on improving task performance?

6. Does 3D sound play a significant role in collaborative AR environment? If so, how can
we apply 3D sound and evaluate its role? In what ways will the subjective experience
‘human presence and collaboration’ in AR environments? Especially what will be the
subjective experiences from the addition of 3D sound?

Recent software and hardware advances in AR and auditory interfaces enable us to
integrate 3D sound into AR environments and study these interesting questions. Although
the quality of 3D sound generated by software synthesizers (Loki Entertainment Software)
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is still to be examined by rigorous tests (Langendijk and Bronkhorst, 2000), the pre-tests
taken by the developer and the user feedback from commercial applications have to some
extend proved its fidelity. Our goal of this research is to do both quantitative and
qualitative studies on the effectiveness of such software synthesized 3D sound in an AR
environment. The outcomes of this research can have a useful impact on the development
of AAR interfaces and the enhancement of AR environments for performing collaborative
tasks such as co-operative teaching, training and gaming systems. Our contributions to the
research topic are as follows:

1. Depth perception in AR. We investigated the impact of 3D sound on improving depth
perception in AR systems with single-camera settings. We designed an experiment to
measure the accuracy of depth judgment in the cases with and without 3D sound.

2. Perceptual feeling of sound depth exaggeration: In order to make full use of 3D
sound’s dimensional information in a relative small AR environment we exaggerated
the intensity difference of virtual sound sources in different depths by multiplying an
additional scalar factor. We investigated the subject’s perceptual feeling to this
exaggeration.

3. Task analysis with AR sound: We designed a searching task in another AR environment
which requests the user to find a virtual character in the augmented scene; we
investigated the impact of 3D sound on the task completion time.

4. Collaboration and location with AR sound. We applied a constant 3D sound on subject
and task target to investigate the impact of 3D sound on the subject’s feeling of ‘human
presence and collaboration’ and the impact on ‘locating correct augmented information’.

In Section 2, we discuss the general issues of developing AAR with 3D sound, and two
different tracking methods for registering virtual 3D sound sources. The experimental goals
and subjects are introduced in Section 3. The results of the experiments are then given and
discussed in Section 4. The conclusions of the study are summarized in Section 3.

2. Development of AR environments with 3D sound for experimental analysis

2.1. General issues

Generating real 3D sound requires requires perceptual externalization of the sound
source, which can only be brought about by using HRTFs (Bill G, 1994), reflections,
reverberation, etc. (Wenzel, 1994) These HRTFs can be used to produce 3D sound effects
from a linear convolution between sound signals and its corresponding spatial related
impulse response (Wenzel et al., 1988) while the reflections and reverberations involve
sophisticated modelling of environment. The individually derived HRTFs are better for
individual users to provide more realistic sound experience. However, individual HRTFs
are difficult for AR implementation due to the fact that AR systems are designed to be real
time interactive systems that do not need individual user configuration. Thus our
expetiments were taken for randomized selected students. For easy implementation of 3D
sound generation, several open source software development kits (SDKs), have been
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developed such as OpenAL (Loki Entertainment Software) and FMOD (L. Firelight
Technologies). These use the general HRTFs database and modeling environment in a
relative simple manner. However, as mentioned in Section 1, for AR systems 3D sound
does not play a significant role to tell the depth (or the distance of the frontal sound
sources) because most of actual AR spaces are relatively of small size (for example small
office, tabletops, books, etc.).

Sound intensity has been shown to be a key cue in distance perception in humans.
However, in the small physical spaces used in AR systems the human is only effectively
provided with binaural cues from the synthesizer. Thus we try to also add the effect of
intensity for the depth cue. Our approach is to exaggerate the intensity difference of sound
sources in different depths by applying an additional scaling factor to the intensity of 3D
sound generated by synthesizer. The intensity of the ith 3D sound V} is given by Eq. (1):

Vll = (Dmax - Di)Vi/Dmax (1)

where D; is the depth of the ith 3D sound source; V; is the intensity of the ith 3D sound
generated by synthesizer given the position of the ith sound source. Dpax is the possible
maximum distance of the sound sources which is subject to the space of different AR
environments. We measured the space in our first and second experiments and the
maximum distance was 1.5 and 5.5 m, respectively.

Apart from intensity, it is known that for distance perception the ratio of the energies of
direct and reflected sound is of importance (Middlebrooks and Green, 1991; Bronkhorst
and Houtgast, 1999). For objects farther away from the listener, coupling the decrease in
virtual sound intensity with an increase in the ‘reverberation’ will lead to a more realistic
perceptions. In order to focus on the main points with regards to AR sound we did not add
the factor of reverberation, and left this issue for our future research.

In our first experiment the sound sources are always placed around 1.5 m away in the
front of the listener. However, in a more general and complex AR environment like the
second experimental environment, the listener can walk freely in a physical space where
virtual sound sources can be very close to the left and the right side of the head. In this
case, the head starts functioning as a sound barrier for high frequencies. Consequently, the
(high-frequency) sound intensity will of course increase as the source approaches the head
in the ear at the same side of the head but, due to the increasing barrier function, decrease
in the ear at the other side of the head. It is reported that binaural cues play an important
role in auditory distance perception for nearby sources (Brungart and Rabinowitz, 1999;
Brungart, 1999). This fact plus our exaggeration process mentioned above causes a design
problem of AAR when the listener is very close to or even overlaid on the virtual sound
source. In this case the user can have very strange auditory experience and even get
confused. This was confirmed in our experimental results which are shown below
(Question 3 of Experiment 2 below).

2.2. Development of AR environments with 3D sound for experimental analysis

In the most common AR paradigm, the user wears a head mounted display (HMD)
through which the user views the real world, either directly, or via a video camera attached
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to the front of the display Virtual objects are then superimposed on the real world. Early
studies such as (Feiner et al., 1993) of this type simply overlaid two-dimensional text
information on objects in the scene, but it has now become common to superimpose
objects in three dimensions. The minimal requirements for this are that the position of the
camera must be determined relative to the whole scene (or an object therein). The
transformation matrix (TCM) between the scene and camera co-ordinates can then be used
to generate the correct and seamless view of the virtual object. Given this TCM we can get
the exact 3D position of the virtual object (virtual sound source) in the user’s head
co-ordinate system, which is the basic requirement of 3D sound synthesizer.

In our experiments, we applied the OpenAL (Loki Entertainment Software) to generate
the 3D sound. Essential parameters needed are the virtual sound source’s 3D position and
its speed relative to the user’s ear. More generally, the 3D position and speed of the virtual
sound source and the position and orientation of user’s head are needed. In the following
parts we will introduce two tracking methods to solve this problem. However, since in our
experiments the relative speed of head to virtual sound source is only as slow as 2ms ™',
we ignored the Doppler Effect caused by their relative movement and thus we were only
interested in their positions and orientations.

In our experiments, the final augmented virtual image was viewed through a Daeyang
Cy-Visor DH-4400VP HMD, which presented the same 640X480 pixel image to both
eyes. A PremaCam SCM series color security camera was attached to the front of this
HMD. Our visual augmentation produced 25 images of 320480 pixel resolution per
second. To synchronize with the update of the visual scene, we updated the position of the
virtual sound sources 25 times per second. The headphone on the HMD plays back the 3D
sound generated by the computer. In this way, we provide an AR environment which is
both visually and audibly augmented.

2.3. AR experimental environment implemented by vision-based tracking method

There have been many vision tracking methods for AR reported in recent years. In our
first experiment, we used a precise vision-based toolkit for AR tracking (Kato and
Billinghurst, 1999) reported by Kato and Billinghurst. It used image-processing
technology to retrieve 3D position information from a fiducial marker. The ‘ARGroove’
(Poupyrev et al., 2000) applied this tracking method to get different position and
orientation descriptions of the marker movements for which they defined different music.
Our first AR experiment system used this tracking method to track the position of virtual
sound source which is attached on fiducial marker.

The 3D position of the marker relative to camera can be obtained by computing the
TCM from the camera co-ordinates to the 7 marker co-ordinates (Kato and Billinghurst,
1999). However, the 3D position of the marker we obtain is based on the camera
co-ordinates. Thus, in order to obtain the 3D position of the marker in user’s head
co-ordinates (3D sound synthesizer’s co-ordinates), simple translations from the camera to
the center of user’s inter-aural axis should be considered. As shown in Fig. 1, in order
to attach the virtual sound source on the marker, the TCM from the 3D sound co-ordinates
to marker co-ordinates could be calculated by simply applying translations to TCM
obtained before. The 3D position of the marker in the 3D sound co-ordinates are then fed
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3D Sound Coordi
Camera Coordinates Right ear

Ideal Screen Coordin
a ¢ di axjs Left ear

Yc
Marker Camera
Coordinates
HMD Earphone
Xm

Virtual Sound Source

Fig. 1. In order to place a virtual object in the image of the three dimensional scene, the Euclidean transformation
between the camera co-ordinates (X, Y, Z;) and the marker co-ordinates (X,,, Y,, Z,,) is estimated. This
calculation is based on the imaged position of the corners of the square marker. The imaged position of one of
these comners is depicted with pixel co-ordinates (,v). To obtain the transformation matrix from the 3D sound co-
ordinates to marker co-ordinates, translations should be taken from the camera co-ordinates to the 3D sound co-
ordinates (X,,¥,,Z,). The picture at the right bottom shows the physical setting of our single camera system where
camera is mounted to the front of HMD and 3D sound plays back into the earphones.

into OpenAL (Loki Entertainment Software) for synthesis. Therefore, the 3D sound
appears to emanate from the marker.

2.3.1. Depth confusion problem in single camera AR environment

In the most common AR paradigm, a single camera is used to capture the physical
scenes (Billinghurst et al., 1998; Zhou et al., 2002; Kato and Billinghurst, 1999) This is not
only because this setup is cheap but also because that it requires little computation cost and
can be easily implemented. However, although this kind of AR environment setup enables
the first-personal viewpoint, it cannot provide stereo video images for each eye, and this
can lead to the difficulty of depth perception. Solving occlusion problems (Wloka and
Anderson, 1995) or using stereo cameras can improve the depth perception problem.
However, it requires more sophisticated settings (Stockburger, 1998) and more
computational cost (Kanbara et al., 2000; Takagi et al., 2000). Thus, the low-cost single
camera mono system is still widely used for AR applications.

Our objective is to find out whether 3D sounds could be helpful to improve depth
perception in this commonly used lower-cost mono AR environment. Fig. 2 shows the
depth confusion problem related to this kind of AR environment setup. We know that
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Fig. 2. The depth confusion problem in a single-camera AR setting. The left column shows the image
sequences of a scene captured by a moving camera while the right column shows the augmented view seen by
the user. (1) In the top left frame, two markers of different size are located in different depth which is hard to
tell because of lacking cues. In the following frames, we know that the left marker is nearer to the camera
with the cues obtained from the motion, background and lighting environment. (2) Right column shows that
the augmented objects occlude everything behind them hence weaken the effect of motion cue. Without
background information (in this special case, the objects are located on the same board), relative depth is hard
to tell.
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human depth perception is based on both monocular cues and binocular cues. Binocular
cues include parallax and ocular convergence, while monocular cues include interposition,
relative (or familiar) size, linear perspective, texture gradient, light and shadows.
The users’ responses in our user study suggest that the depth of augmented object is hard to
decide in this kind of mono AR environment setup.

This is because that the binocular cues do not work well due to the single-camera
setting. Furthermore, because the augmented objects were rendered over the captured
images, they appear to occlude everything behind them. To render the virtual objects to be
faithful to the actual lighting conditions of the physical world is still a challenging
problem. The correct display of shadow and texture gradient of the augmented objects
needs the precise estimation of light sources (Kanbara and Yokoya, 2002). The occlusion
problem of the augmented objects relative to the real object is also a difficult problem
(Fuhrmann et al., 1999). Due to these difficulties, it is still not possible in real-time AR
systems to have realistic virtual objects with respect to lighting, shadowing, and occlusion.
Thus, our goal is to find out whether 3D sound can help in the judgment of depth, and if so,
to what extend can it be helpful for AR.

We thus designed an experimental task which requires the subject to tell which of the
augmented objects is closer (less deep) to her and we calculated the accuracy of the
Jjudgments. The subjects were required to give their judgment under the conditions of
vision plus 3D sound and vision only. As will be seen in the sections below, the judgment
accuracy was found to be significantly higher when 3D sound was applied.

2.4. AR experimental environment implemented by acoustic-inertial tracking method

The vision-based maker tracking method can register the virtual objects and virtual
sound sources into the real scene precisely. However it has several short-comings as well.
For example, the marker tracking algorithm is sensitive to the lighting environment. Also
the requirement of keeping a marker in the scene all the time limits the user’s movement as
well as viewpoint and thus restricts the user to a relatively small space and a narrow angle
of view. This drawback could be improved to some extent by using multi-marker tracking
or natural feature tracking methods (Neumann and You, 1999). However, they still do not
allow fully free head and body movements.

Some previous work used other methods for registering a virtual sound source in a
larger space which allowed user’s free movement. Makino et al. (1996) used the Global
Positioning System (GPS) to locate the traveler within the environment. With differential
correction by way of audio link from a GPS reference receiver in the local vicinity,
localization is accurate to around 1 m under good conditions of reception. The listen
project (Eckel et al.,, 2001) used motion-tracked wireless headphones to retrieve the
position of the user in the environment. A similar method was applied by Schmandt
(1998) where the head position is gained from a Polhemus sensor mounted on the
headphones.

In our research system (Cheok et al., 2004; Wang et al., 2002), we use the InterSense
IS-900 system (InterSense) for precise motion tracking. The IS-900 system is a hybrid
acoustic-inertial six degree of freedom (6 DOF) position and orientation tracking system.
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Fig. 3. The physical set-up of our acoustic-inertial tracking AR environment. On the ceiling there are six 1S-900
SoniStrips which makes up a three meter by three meter area. A head tracker is mounted on the user’s HMD and a
camera is fixed on the head tracker A wand tracker with four buttons and one joystick was held in the user’s hand
as an interaction device.

It tracks changes in orientation and position by integrating the outputs of its gyroscopes
and accelerometers, and corrects drift by using a room-referenced ultrasonic time-of-flight
range measuring system. It can obtain a resolution for position of 15 mm.

For the experimental system, as shown in Fig. 3, we mounted six IS-900 SoniStrips on the
ceiling of a 3 meter by 3 meter space. This system can support up to four tracking stations.
We used four tracking stations to track two users’ heads and hands, respectively. A head
tracker was mounted on the user’s HMD and a camera is fixed on the head tracker. A wand
tracker with four buttons and one joystick was held in the user’s hand as an interaction device.

The system superimposes graphics on video sequences captured from the camera and
displays the combined images on the HMD. We employed OpenAL (Loki Entertainment
Software) for generating 3D sounds. Unlike the vision-based tracking method where we
make the user’s co-ordinates system as the reference, in this method, we used the 1S-900
co-ordinates system as a reference while using the users’ head position, orientation, and
the virtual sound sources’ 3D position as input parameters for the OpenAL software.

3. Experimental goals and subjects

Two experiments were taken in the two pre-mentioned AR environments, respectively
In the first experiment, our goal is to find out:
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1. Whether 3D sound helps depth perception and by how much.
2. Whether the exaggeration of intensity difference of 3D sound will be acceptable or
unacceptable psychologically.

In the second experiment, our goal is to find out:

1. Whether 3D sound helps in task performance, or more specifically, whether it helps to
shorten a searching task completion time and by how much.

2. Whether 3D sound gives more immersive and realistic perception to the users and
whether it helps the subject to distinguish different objects in AR environments.

3. Whether 3D sound increases the feeling of ‘human presence and collaboration’.

Both qualitative and quantitative studies were conducted in each experiment. The study
took place over a four-week period in the summer of 2002.

Forty subjects (13 females and 27 males) were each paid Singapore $8 (approximately
$4 USD) per hour to participate in this study. All the participants were undergraduate
students at the National University of Singapore. Most of them were freshmen or juniors
majoring in computer engineering. The subjects were on average 21.3 years old and had
used computer for 8.7 years. They were asked to mark from 1 to 7 about how often
(1 means very often while 7 means very seldom) do they use computers and how often do
they play games. The averages were 1.7 and 4.5 respectively, which means that they often
use computers, but play games only occasionally. All of the subjects reported clear-vision
and normal hearing abilities.

Each subject performed both experiments. However in the second experiment, 20
subjects (seven females and thirteen males) were asked to conduct the searching task with
the aid of 3D sound while the other 20 subjects (6 females and 14 males) conducted the
same task without the 3D sound. Before doing the experiments, all the subjects were given
a brief introduction about AR and the tasks to be performed. Each of the subjects was
given five minutes to initially try on the HMD and experience the 3D sound effect. After
the experiments, all subjects were given 25 min to finish a questionnaire based on the
experiments finished.

4. Experimental results

In this section we present the details of the evaluation studies of 3D sound effect and
performance in our two AR environments described before

4.1. Experiment of the impact of 3D sound on depth judgment

4.1.1. Design and procedures

In this experiment, we examined the effect of 3D sound on helping users to judge the
relative depth of objects in an AR environment (Fig. 4) implemented by vision-based
tracking method. Users were required to tell the relative depth of the two markers upon
which virtual objects were augmented. In order to precisely position the markers, we used
a white board to hold the markers. We set the height of user’s chair so that the markers
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Fig. 4. The physical set-up of the experiment on depth judgment. The output of the computer VGA signal is send
to a monitor and HMD for display by a video converter. The user can only see from HMD while the monitor is for
the use of the experimentalist. Two virtual telephones with different colors are augmented onto different markers
respectively. The size of augmented objects is adjusted to about the same by adjusting the position of marker.
Users are required to tell the relative depth of the two objects in the cases of with and without 3D sound aided.

and the eyes were at the same height. By this way we eliminated the vertical vision cue to
depth perception-as the relative position on the same plane can tell the relative depth. This
makes sense in AR environment since the augmented objects are not necessarily located
on the same plane, and thus this cue is not commonly available. The relative position of the
two markers was chosen carefully so that the two markers seem to be approximately of the
same size in the camera’s view. As described in Section 2.3.1, this will cause depth
confusion and hence we can carefully decide the effectiveness of adding 3D sound to the
virtual objects.

A preliminary study (Mereu, 1995) indicated that visually impaired users can use the
sound environments to perceive depth and position in a 3D application. We hence propose
that 3D sound could also be helpful in AR environment for people to perceive depth. To
test this hypothesis, we implemented 3D sound in our AR environment and measured the
accuracy of relative depth judgment of subject.

4.1.2. User interfaces

As shown in Fig. 4, we augmented the same shape virtual telephone with a different
color on each of the markers. The virtual telephones were augmented with a 3D telephone
sound that was produced to emanate from each virtual telephone. As explained in
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Section 2, the intensity difference of 3D sound due to different depth of markers
was exaggerated by a scaling factor. Subjects were asked to put on the headphone of HMD
and perceive the difference of 3D sound when the marker was changed to different
positions.

Every subject was required to perform 10 trials judging the relative depth of two
telephones. Before every trial, the signal of the HMD is turned off so that the subject could
not see how the markers were arranged. During that time, the user only sees black because
the HMD is a nonoptical see through type. We placed the two different sized markers on
the condition that the image size of the two objects are of about the same size, this can be
observed by a monitor which is connected to the same VGA output as what the HMD is
connected. Then the HMD is turned on and the subject was required to tell which
telephone was nearer to him in the cases with and without 3D sound aided respectively.
The possible answers are ‘left’, ‘right’ and ‘uncertain’. We recorded the subjects’
judgments and compared them with the correct answers for numerical analysis. We also
asked some questions in the questionnaire for psychological analysis purpose.

4.1.3. Results

4.1.3.1. Performance.. The chart in Fig. 5 provides a visual summary of the results of the
depth judgment experiment. Fig. 5 compares the number of correct relative depth
judgments in 10 trials for 40 subjects in the cases with 3D sound and without 3D sound
aided respectively. It can be seen that judgments with 3D sound aided lead to 2.5 times as
accurate (70.25 versus 28.25%) as those without 3D sound added.

Our expectation of this experiment was to evaluate the impact of 3D sound on depth
judging accuracy. Using a 0.05 significant level, a one-way ANalysis Of VAriance
(ANOVA) (Stockburger D, 1998) of the individual correct judgment times of each user
was used. In this experiment, we obtained F(1,39)=129.55; p<0.001 which declares the
result to be statistically significant. Thus we conclude that 3D sound does significantly
help to increase the number of times of correct depth judgments.

Correct times of relative depth judgments

Average
23 0 8 7.025
£5 ¢ ;
bl g . 4 2,825
g8 2 2
§ o °
1 4 7 1013 16 19 22 25 28 31 34 37 40 Without  With

Subject number

—— Without 3D Sound —#— With 3D Sound Aided

Fig. 5. Comparison of the correct depth judgment times of 40 subjects in ten trials in the cases of with and without
3D sound aided. From this chart we can see obviously that the accurate judgment times increase drastically by
introducing 3D sound. The average of correct judgment times is increased from 2.825 to 7.025 by introducing 3D
sound.
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Uncertain judgment times of depth
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Fig. 6. Comparison of the uncertain judgments in the cases of with and without 3D sound aided. The average of
uncertain judgment times is decreased from 2.025 to 1.45 by introducing 3D sound.

On the other hand, the addition of 3D sound decreases the uncertainty of relative depth
judgment. Fig. 6 shows the comparison of uncertain judgment times between the cases of
with and without 3D sound aided. The addition of 3D sound decreases the average
uncertainty from M=2.03 to 1.45 times. A significant difference is found (F(1,39)=4.24;
p <0.05). These results proved that the depth perception was significantly enhanced by 3D
sound.

There was no significant difference found between the genders. For the correct judging
times without 3D sound, males have a mean value of 2.67, females have a mean value of
3.15, F(1,38)=0.9; p>0.1. For the correct judging times with 3D sound aided, males have
a mean value of 7.00, females have a mean value of 7:08, F(1,38)=0:02, p>0.1.

4.1.3.2. Questionnaire responses.. The purpose of the questionnaire is to examine how the
subject qualitatively judges the relative depth of augmented objects and how difficult the
task is. Apart from the quantitative results we obtain from the above experiments, it is
advantageous to know the subjective feeling of users due to the addition of 3D sound, and
the process of the sound intensity exaggeration. The main questions in questionnaire about
this experiment were as follows:

1. When you were supposed to judge the relative depth of the two markers, what cues did
you mainly use the depth of markers (multiple choices are possible)?
A. brightness B. color C. size D. intuition E. background F. motion G. others

2. Do you think it is hard to tell the relative depth of two objects in this experiment
without 3D sound? Please select your answer from the following choices:
A. very hard B. hard C. medium D. easy E. very easy

3. Overall, do you think 3D sound helps you to make a correct decision?
A. yes B. no C. uncertain

4. In real life situations, the intensity of sound doesn’t change drastically when the sound
source is moving within a short distance, say 100 mm. However, in our experiment we
exaggerated this effect. Thus you perceived an obvious difference between the two
markers when they were placed in a relative small different depth.
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Do you feel it is unintuitive that the depth scale of 3D sound in this experiment has been
exaggerated? Please select from the following choices about how you feel:
A. very unintuitive B. unintuitive C. medium D. intuitive E. very intuitive F. did not

notice at all

Question 1 allows multiple choices. Every choice given by the user will be counted as a
single vote to the selected choice. Although different users might tick different numbers of
choices, the vote diagram is not severely disturb qualitatively since our purpose is to find out
what are the cues most users will use for judging depth. As shown in Fig. 7(a), the ‘size’ cue
was given the first place (30 votes) of all the cues in our question. This partially explains why
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Fig. 7. Statistical charts of the answers to Question 1, 2 of Section 4.1.3 (a) The votes of the answers to question 1:
When you were supposed to judge the relative depth of the two markers, what cues did you mainly use the depth
of markers (can have multiple choices)? It can be seen from this chart that users are more likely to judge the depth
of object by the size, brightness and the background cues. (b) The votes of the answers to question 2: Do you think
it is hard to tell the relative depth of 2 objects in this experiment? It can be seen from this chart that it is hard to tell
the relative depth of the two markers in our experimental AR environment.
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itis difficult for subjects to judge the relative depth when two markers are almost of the same
size. Our setting of AR environment in this experiment restrained the effect of background
(ten votes) and motion (three votes). The cue ‘brightness’ which reects the cue ‘light and
texture gradient’ obtains the second highest votes (15 votes). This gives us a hint that in
order to obtain good depth perception, it is also important to adjust the appearance of virtual
object so that it fits its surrounding physical lighting environment.

However, in this experimental system, the brightness of the object is predefined when
the model was created. Hence it brings more difficulties for depth judgment, and it can not
provide the cue ‘light and texture gradient’. Therefore, this suggests that in the future
research we can adjust the brightness of augmented objects according to its lighting
environment so as to achieve better depth perception.

In response to question 2, most subjects claimed that it is hard (three claimed very hard
and 20 claimed hard) to judge the relative depth of objects in this experiment without the
3D sound cues. Fig. 7(b) gives the chart of this result. This psychological feeling is in
accordance with the results shown in Fig. 5 where the accuracy of judgment is only
28.25% in average for tests without sound.

There is an interesting result from the answers to question 3. Only 19 subjects thought
that 3D sound has helped them however, 6 subjects claimed ‘no’ and 15 subjects claimed
‘uncertain’, as shown in Fig. 8(a) (one subject somehow forgot to give the answer to this
question, thus only 39 votes are appeared in this chart). This implies that the addition of 3D
sound may have contributed to the depth perception (Fig. 5) although the subject may not
psychologically feel it. While this result is quite interesting, more detailed and long term
psychological investigation needs to be conducted before drawing any reliable conclusions.

In question 4, our prospect is to find out whether our exaggeration of 3D sound will lead
to a degrading of the perceptual experience. The result (Fig. 8(b)) shows that only one
subject claimed that it is ‘very unintuitive’ and six subjects claimed that it is ‘unintuitive’.
Nine subjects claimed ‘medium’, 12 subjects claimed ‘intuitive’ and one subject claimed
‘very intuitive’. Moreover, 11 subjects claimed that they ‘didn’t notice at all’.

Although there is still a risk of losing the ‘realistic experience’ since the 3D sound
environment is different from our everyday life, this result suggests that most of the users
will still feel the virtual scene is intuitive psychologically if the exaggeration scale is
properly chosen. This result is critical to the development of 3D sound system in AR
environment since, unlike in pure VR system, normally the exaggeration is required,
otherwise we may lose the information carried by one dimension of 3D sound-the depth.
This occurs especially when the physical AR environment is as small as our experimental
game system or even smaller, as in the desktop AR environment of the depth perception
experiment.

4.2. Experiment of 3D sound's impact on task completion time and the feeling of ‘human
presence and collaboration’

4.2.1. Design and procedures

In the second experiment, we examined the effect of 3D sound in a larger AR
environment in the form of a simple game Barfield (Barfield et al., 1997) identified three
primary benefits of auditory spatial information displays as: relieving processing demands
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Fig. 8. Statistical charts of the answers to Question 3, 4 of Section 4.1.3. (a) The votes of the answers to question
3: Overall, do you think 3D sound help you to make a correct decision? (One subject somehow forgot to give
answer to this question, thus only 39 votes are appeared in this chart). (b) The votes of the answers to question 4:
In our every life, the intensity of sound doesn’t change drastically when the sound source is moving within a short
distance, say 100 mm. However, in our experiment we exaggerated this effect. Thus you perceived an obvious
difference between the two markers when they were placed in a relative small different depth. Do you feel
unintuitive that the depth scale of 3D sound in this experiment has been exaggerated?

on the visual modality, enhancing spatial awareness, and directing attention to important
spatial events In our research system, we extend the benefits in this experiment by:

L. helping to localize an object in AR environment when the visual modality is

weakened;

2. enhancing the feeling of human collaboration;
3. directing attention to different spatial objects or helping user to identify different spatial

objects.

Meta Platforms, Inc.
Exhibit 1012
Page 212



1006 Z. Zhou et al. / Interacting with Computers 16 (2004) 989-1016

4.2.2. User interface

Our experimental system allows two users to play a simple game at the same time The
objective of this game is to rescue the princess who was captured by an evil witch. In this
experimental game, three stages were used to for investigating the effects of 3D sound. In
the first stage, users are allowed to walk around in a three by three meter region and to
explore a virtual land augmented on the physical ground through a small rectangle virtual
window displayed on the tracked wand. Fig. 9 shows the scrolling 3D landscape when the
player is moving her hand. A small virtual plane is attached to the wand as an avatar for the
user, as if the user is exploring the game space by manipulating the plane. The player is
looking for the castle through the ‘magic 3D window’. Two 3D sounds are applied in this
stage and can be heard by both players. The first one is a 3D sound ‘Help!” which was
applied to the princess located inside the castle. The second sound is a constant buzz
applied to the wand tracker of co-player as if it is generated by the engine of co-player’s
airplane. Each player can hypothetically localize his/her co-player by localizing the buzz
sound.

In the first stage the player is allowed to become more and more familiar with the
searching task and the perception of 3D sound. We purposely design this stage as a
training process. When the player walks closer to the sound sources (the castle and
the princess therein or the co-player), the sound becomes louder while it becomes softer

Fig. 9. Looking for the castle through a ‘magic 3D window’. A virtual plane is augmented on the wand as an
avatar for the user. A rectangle window is augmented in front of the wand through which the user can see the
virtual land on the ground. When the user is moving around, the 3D landscape is also scrolled in the ‘magic 3D
window’. The user is looking down at the castle as if she is looking down from the sky in the airplane.
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when the player walks away from the castle. An exaggeration of the intensity difference
described in Section 2 was undertaken here as well. Furthermore, it should be noted, when
the player rotates her head or body, she can perceive that the sound source is also moving
relative to her movements. We updated the position and orientation of the head tracker
25 times per second which allows a quite smooth feeling of sound source movement.

After the castle is found, players move to the second stage. They battle with a virtual
witch who has captured the princess. The virtual witch is augmented in the physical world
and is hovering in the experimental region. Players can move freely in the physical space
to get the best shooting angle and position. They need to reload or transfer their bullets by
putting their wands together which encourages the collaboration in the game, as shown in
first two frames of Fig. 10. Apart from the sounds used in stage one, we applied the other
two 3D sounds, the cry of witch when it is hit and the explosion sound when it is exploded
after being shot for 10 times.

After destroying the witch, the players can fly into the virtual scene and rescue the
princess from the castle. This enables a seamless transition from AR environment to VR
environment. After the user flies into the virtual scene, she enters a virtual environment in
which players can use joystick on the wand to move around, while they can turn over their
head or body to change the direction of viewpoint. In this stage we still keep the princess’s
cry ‘help’ but we change the sound of co-player from a buzz of engine into a footstep
sound. Both of the players can be either in AR or VR mode and can continuously be aware
of each other by both vision and sound. Fig. 11 shows the views in this stage.

To examine the impact of 3D sound on task completion time and subjective feelings in
this AR environment, 3D sounds were applied in this experimental game. Their functions
are summarized as follows:

1. Players’ sounds: A constant buzz sound is applied to the co-player’s airplane when the
users are exploring the augmented land. Since the plane is attached to the wand, the 3D
positions can be easily obtained from the tracker in the wand. By applying this sound,
the user can always hear where is the location of the co-player, even when the co-player
is not visually in the scene. She can still roughly tell to what direction is her co-player
located and whether the co-player is getting closer or further to her. This buzzing sound
is changed into a footstep sound when the co-player enters the VR environment. The
different sound gives the hint of whether the co-player is in the AR or VR environment
as well.

2. Human voice: A constant human voice ‘Help! Help!” is applied to the princess which is
the target of the searching task. This sound helps the player to turn and face to the
correct direction and walk to the correct location where she can see the princess through
the small window.

3. Entertainment sounds: To make the game more entertaining, we also applied other
sound effects. A shooting sound is played when user press the shooting button on the
wand. A scream sound and an explosion sound were played when the witch is
destroyed. A landing sound of engine is played when the user transits from AR
environment to VR environment. A female voice saying ‘congratulations’ and some
greeting words was played when the user finished her mission-find the princess and
rescue her.
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Fig. 10. Two users are collaboratively fighting the witch hovering around them in the physical experimental area.
The user can see the augmented virtual witch in three dimensions through HMD. The two users need to reload or
transfer their ‘bullets’ by putting their wands together as shown in the first two frames. When the user pressing a
specific button on the wand, the airplane can fire bullets (blue and green dot lines in the subsequent frames). The
position and orientation of the wand are used to decide trajectory of ‘bullets’ and whether the witch is shot or not.
In the last frame, the witch disappeared after being shot for ten times.

In this experiment, we took both numerical and psychological studies of the subjects’
responses. After the players finished the game missions, they probably have been familiar
with the game, an additional task is required to perform in stage one. Instead of searching
the castle, they need to search for the princess by walking around and scrolling
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Fig. 11. Rescue the princess in the castle with co-player. (1) The first row shows the seamless transition from AR
to VR that the user’s airplane is ‘flying into’ and ‘landing on’ the VR world. (2) The second row shows one
player’s view when they are on the way to rescue the princess in the castle. The user uses the joystick to navigate
however they can turn the body and head of the virtual character by physically turning their body and head. The
footstep sound comes from the co-player and the ‘Help!” scream of the princess can always be heard. (3) In the
first frame of the third row, a user can physically look up in the sky to find her co-player who is still in AR mode
(before flying into the VR mode). The user in the AR mode can still see the co-player and the princess by looking
down to the land as if she is on the airplane. The second frame shows one player’s view point when both of the
players are in VR mode and come to the princess.

the window. The princess was taken outside the castle and was put at an open area on the
land. Each subject was given a trial to see how the princess looks like in the small window.
Then the princess was put at another position which is the same for all subjects. Every
subject started from the same position and orientation in the space and began to search for
the princess. The completion time of this searching task was recorded. Twenty subjects
(7 females and 13 males) were asked to conduct the searching task with the aid of ‘Help!’
sound while the rest twenty subjects (6 females and 14 males) conducted the same task
without any sound. Every subject performed this task only once either with or without
sound aided. Apart from this numerical study, psychological studies were conducted by a
linguistic questionnaire.

4.2.3. Results

4.2.3.1. Performance.. In this experiment the subjects performed a searching task as
described in Section 4.2.2. The chart in Fig. 12 compares the completion time (in seconds)
of the searching task for two groups in the cases with 3D sound and without 3D sound
aided. The average task completion time of the group without 3D sound aided was 1.5
times as long (133.05 versus 88.1) as that with 3D sound aided. The effect of 3D sound on
shorten the task completion time is significant, F(1,38)=6.7; p <0.025.
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Fig. 12. The comparison of searching task completion time in the cases of with and without 3D sound aided. The
average of completion time is shortened drastically from 133.05 to 88.1 s by introducing 3D sound.

No significant difference is found between the genders in this experiment as well. For
the task completion time with 3D sound aided, males have a mean value of 88.4615, and
females have a mean value of 87.43, F(1,18)=0.0018; p>0.1. For the task completion
time without 3D sound aided, although females’ mean value is higher than that of males’
(166.33 versus 118.79), no significant difference is found at the significant level of 0.05,
F(1,18)=3.03; p>0.05.

From the results given above we can see that, 3D sound helps significantly to shorten
(about by half) the searching task completion time in this AR environment.

4.2.3.2. Questionnaire responses. The purpose of the questionnaire questions is to
examine the impact of 3D sound on the subject’s psychological feelings. We wanted to
examine whether 3D sound improves the feeling of immersiveness and human presence
and collaboration, whether it helps to identify spatial objects, and how much impact it has
on these feeling. The main questions in questionnaire about this experiment were as
follows:

1. Does 3D sound improve your perception of immersiveness in the AR environment? Do
you think it is more realistic with 3D sound than without it? Why?

2. Does the 3D sound improve your feeling of human presence and collaboration as you
can hear the sound coming from your collaborator at anytime?

3. Does the 3D sound help you to identify different information signals (spatial objects)?

4. Were you aware of your co-players in different places?
A. always B. very often C. often D. barely E. never

5. What has helped your feeling of ‘human presence and collaboration’? (can be multiple
choices, please order the factors by the order of decreasing importance)
A. small talk between co-players B. vision cues C. 3D Sound cues D. Others

According to question one, almost all subjects (39 of 40 subjects) claimed that 3D
sound did improve the perception immersiveness. A total of 38 subjects claimed that it is
more realistic with 3D sound, and one subject claimed ‘a little better’. The main reasons
they provided to support their viewpoint are as follows:

1. ‘It is natural feeling and more realistic with 3D sound.’
2. ‘You can feel the sound from all directions which gives a more 3D feeling.’
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3. ‘You can tell where the collaborator is positioned, or to know the surrounding objects in
the AR environment.’

4. ‘The feeling is closer to real world and 3D sound helps to navigate.’

5. ‘I can hear and judge distance from the object producing the sound.’

From these responses, we can find that 3D sound does play an important role
complementing the visual AR environment. Although this result seems to be natural since
the same conclusion has been drawn in virtual reality environment (VRE), it proves that
this conclusion is still tenable in AR environment when the implementation method has
been changed and especially when the interfaces preserve our social interactions which are
weak in VR.

There were also negative comments. One subject suggested that there should be more
background sound like noises to make it more realistic. The subject said, ‘The sound field
is too quiet to be realistic.” In fact, this is consistent with the argument given by Begault
(Begault, 1994): “Even with non-spatial cues, one can tell something about the distance of
different sounds and their context,..., but the inclusion of 3-D sound techniques and spatial
reverberation cues can greatly increase the immersiveness of a simulation, as well as the
overall quality and the available nuance in representing different environmental contexts”.

The important result we obtained from the responses to question two is that 3D sound
improves the feeling of ‘human presence and collaboration’ when the subject is
performing this experimental task. In this question, 39 of 40 subjects answered ‘yes’.
Some of the comments were:

. ‘At least I can find whoever it is.’

. “The sound constantly reminds us of the presence of the collaborator.’

. ‘Yes, like someone is actually in the world with you.’

. ‘Itisreally interesting that you can turn to face him when the clop-clop is getting closer
to you in your back.’

AW =

One interesting comment was that ‘I can know whether he is still in the airplane or has
landed down and walking around’ (which meant that the user could know if the other
player was in AR or VR modes). This is actually one function of sound which is serving as
an auditory icon (Gaver, 1986). A good negative comment suggested that ‘it can be
improved by adding speech communication, because a running motor does not sound very
human, so it is like an object somewhat’.

Apart from applying 3D sound to the collaborator, we also applied 3D sound to the
princess who is the target of the task. The responses to question three suggest that 3D
sound, when applied to different spatial objects (information signals) in AR environment,
can help the user to identify different information carriers. In our experiment 36 subjects
claimed that they can constantly be aware of both the other collaborator and the princess
simultaneously. This result suggests that by introducing more than one 3D virtual source
sources in AR environment, it is possible for the users to identify different meanings of
them and to distinguish them by the localization of the sound sources. As one subject
described, ‘yes, very much so. For instance, if the collaborator sounds from the left
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earpiece and princess cries are heard at right earpiece, the directional news determines the
positions of the collaborator and princess.’

However, one valuable criticism complained that ‘the volume differs when you are far
but when you are near I could not hear a difference especially in terms of direction’, the
other one complained that ‘the sound sometimes seemed to be coming from all directions
and I was uncertain whether to turn left/right, only when I was close did the volume
increase, but in a jump, not gradually’. These comments points out the drawbacks of our
exaggeration process of 3D sound intensity in this AR environment and also to some
extend support the results of Brungart (Brungart and Rabinowitz, 1999; Brungart, 1999).
We designed the auditory environment so that when the user becomes closer to the virtual
sound source in the three by three meters region, the 3D sound intensity is exaggerated.
This will be maximum intensity when the user is at the position of the virtual sound
sources (distance to the object is zero). In this case, the binaural cues play a very important
role for distance and direction perceptions. Because of the closeness to the object when
near zero, even a slight movement of the user may cause a totally opposite feeling of the
source direction (from left to right). When the movement is very fast, the intensity and
sound direction may change rapidly. This problem can be partly solved by designing a
better sound-scape. However the situation when the user is overlaid on the sound source is
still a difficult problem unless we apply some physical constraints on the user’s sound near
to virtual sound sources.

Chart (a) and (b) in Fig. 13 shows the subjects’ responses to question four and question
five, respectively. We can see from chart (a) that nine of 40 subjects claimed that they were
‘always’ be aware of co-players while five subjects claimed ‘very often’ and 18 claimed
‘often’. This leads to the improvement to the feeling of collaboration. A total of 39
subjects agreed that 3D sound did increase their feeling of collaboration from the result of
question two.

To examine the importance of 3D sound among all cues, subjects were required to choose
the cues they thought to have helped them and to order them by the importance. 3D sound
cues obtained the highest votes (36 votes) among all the cues. Move importantly, a total of
14 subjects regarded 3D sound cues as the most important cue while ‘small talk” and ‘vision
cues’ only obtained five and four votes respectively. This result suggests that 3D sound does
play a very important role in improving the subject’s feeling of collaboration. It could even
dominate among all possible cues in AR environment, especially when other cues are
restrained by hardware settings, for example, angle of view is restrained by HMD in
common AR system. In this situation, the visual cues are restrained due to the narrow
viewpoint of HMD, and hence their effects on collaboration are limited. On the contrary, the
3D sound can be generated from any points in the AR space. When 3D sound is applied to the
user and given different meaning at different situations, it can play the most importantrole to
help the user’s feeling of ‘human presence and collaboration’.

5. Conclusions

The purpose of this work is to investigate the effectiveness of 3D sound in AR
environments We designed two experimental AR environments to study the effectiveness

e e e
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(a) Votes of the answers to Q4
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Fig. 13. Statistical charts of the answers to Question 4, 5 of Section 4.2.3. (a) The votes of the answers to question
4: Were you aware of your co-players in different places? We can see from the chart that in this AR environment,
subjects can often be aware of co-player’s position, however, this result is impossible if there was no 3D sound
applied since the subject can only occasionally see co-player due to the narrow angle of view. (b) The votes of the
answers to question 5: What has helped your feeling of ‘human presence and collaboration’? It can be seen from
this chart that 3D sound plays the most important role among all the cues. It gets even more votes than vision cues
and voice communication cues.

both quantitatively and qualitatively. Two different tracking methods were applied to
retrieve the 3D position of virtual sound sources. We examined the effects of 3D sound on
improving depth perception and shortening task completion time. We also investigated 3D
sound’s effects on improving immersive and realistic perceptions, helping user to identify
different spacial objects, and improving the subjective feeling of ‘human presence and
collaboration’.

The 3D sound generated by OpenAL (Loki Entertainment Software) applying HRTFs
and simple modelling of environment is used in our experiments. Apart from its effects for
the user on sound source localization, we tried to emphasize its effect on telling the depth
(distance). Since intensity has been reported to be a key cue for distance perception, we
exaggerated the intensity difference of sound sources in different depth by applying an
additional scalar factor to the intensity of generated 3D sound. The user study result shows
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that it is still ‘intuitive’. These methods to implement 3D sound in relative small AR
environments provide a necessary foundation for the incorporation of 3D sound with
visual AR environments.

However, our studies beg many additional questions. For example, how to set the
intensity scale so that it can maximize 3D sound’s ability to tell depth and meanwhile
preserve realistic perception for users? Moreover, as reported, for distance perception not
only the intensity but also a much stronger cue, the ratio of the energies of direct and
reflected sound is of importance (Middlebrooks and Green, 1991; Bronkhorst and
Houtgast, 1999). How will this ratio affect the depth perception in AAR? If the cues of
background and drastic head movements are allowed, to what extend will 3D sound be
effective to help depth judgment, comparing to other visual cues? When the binaural
localization cues for nearby sources (Brungart and Rabinowitz, 1999; Brungart, 1999) are
taken into account, how to design the sound-scape to ‘display’ the 3D sound correctly and
intuitively when the user is very close to or even right overlapped on the sound source?

Although many questions remain unanswered, our studies show that the addition of 3D
sound can be a very effective way to complement the user experiences in AR
environments. It helps depth perception, task performance and facilitates collaborations
between users. Moreover, it enables a more realistic environment and more immersive
feeling of being inside a both visual and auditory augmented reality world.

Acknowledgements

This work is supported by Defence Science and Technology Agency (DSTA), Land
Systems Division, Singapore.

References

Avionique S, Multipurpose auditory display for 3-d hearing applications. Online. http://www cordis.lu/esprit/src/
22352.htm.

Azuma, R.T., 1997. A survey of augmented reality. Presence: Teleoperators and Virtual Environments 6 (4),
355-385.

Barfield, W., Cohen, M., Rosenberg, C., 1997. Visual, auditory, and combined visual-auditory displays for
enhanced situational awareness. The International Journal of Aviation Psychology 7 (2), 123-138.

Begault, D., 1994. 3-D Sound for Virtual Reality and Multimedia. AP Professional, Boston.

Bill G., Keith M. Hrtf measurements of a kemar dummy-head microphone, Tech. Rep. 280, MIT Media
Laboratory Perceptual Computing Technical Report, May 1994.

Billinghurst, M., Bowskill, J., Jessop, M., Morphett, J., 1998. A wearable spatial conferencing space Proceedings
of ISWC 98 1998, pp. 76-83.

Bronkhorst, A.W., Houtgast, T., 1999. Auditory distance perception in rooms. Nature 397, 517-520.

Brungart, D.S., 1999. Auditory localization of nearby sources. iii. stimulus effects. Journal of the Acoustical
Society of America 106 (6), 3589-3602.

Brungart, D.S., Rabinowitz, W.M., 1999. Auditory localization of nearby sources. Head-related transfer
functions. Journal of the Acoustical Society of America 106 (3), 1465-1479.

Cheok, A.D., Yang, X., Zhou, Z., Billinghurst, M., Kato, H., 2004. Touch-space: Mixed reality game space based
on ubiquitous, tangible, and social computing. Personal and Ubiquitous Computing 2002. Vol. 6 2004
pp- 430.

Meta Platforms, Inc.
Exhibit 1012
Page 221



Z. Zhou et al. / Interacting with Computers 16 (2004) 989-1016 1015

Cohen, M., Aoki, S., Koizumi, N., 1993. Augmented audio reality: telepresence/VR hybrid acoustic
environments Proceedings of the Workshop on Robot and Human Communication 1993, pp. 3.61-64.

Eckel, G., Banissi, B., Khosrowshahi, F., Sarfraz, M., Ursyn, A., 2001. Immersive audio-augmented
environments—the listen project. Proceedings of the Fifth International Conference on Information
Visualization (IV2001) 2001.

Feiner, S., Maclntyre, B., Haupt, M., Solomon, E., 1993. Windows on the world: 2d windows for 3d augmented
reality: 2d windows for 3d augmented reality Proceedings of UIST '93 1993, pp. 1.45-1.55.

Fuhrmann, A., Hesian, G., Faure, F., Gervautz, M., 1999. Occlusion in collaborative augmented environments.
Computers and graphics 23, 809-819.

Gaver, W., 1986. Auditory icons: using sound in computer interfaces. Human Computer Interaction 2 (1),
166-177.

Gaver, W.W., Smith, R.B., O’Sheak, T., 1991. Effective sounds in complex systems: the arkola simulation.
Proceedings of CHI ‘91 1991, 85-90.

InterSense, Is-900. online. http://www.intersense.com/.

Kanbara, M., Yokoya, N., 2002. Geometric and photometric registration for real-time augmented reality. IEEE
and ACM International Symposium on Mixed and Augmented Reality 2002.

Kanbara, M., Fujii, H., Takemura, H., Yokoya, N., 2000. A stereo vision-based augmented reality system with an
inertial sensor Proceedings of IEEE and ACM International Symposium on Augmented Reality (ISAR) 2000,
pp. 97-100.

Kato, H., Billinghurst, M., 1999. Marker tracking and hmd calibration for a video-based augmented reality
conferencing system Proceedings of the Second IEEE and ACM International Workshop on Augmented
Reality 1999, pp. 85-94.

Langendijk, E.H.A., Bronkhorst, A.-W., 2000. Fidelity of three-dimensional sound reproduction using a virtual
auditory display. Journal of the Acoustical Society of America 107 (1), 528-537.

L. Firelight Technologies, Pty, fmod, music and sound effects system. [Online). Available: http://www.fmod.org/.

Loki Entertainment Software, Openal SDK. [Online]. Available: http://www.openal.org.

Makino, H., Ishii, I., Nakashizuka, M., 1996. Development of navigation system for the blind using gps and
mobile phone combination Proceedings of 18th Conference of IEEE, EMBS, vol. 18 1996, pp. 1-5.

Mereu S.W., Improving depth perception in 3d interfaces with sound, Tech. Rep. CS95-35, Waterloo, Canada,
1995.

Middlebrooks, J.C., Green, D.M., 1991. Sound localization by human listeners. Annual Review of Psychology 42,
135-159.

Milgram, P., Takemura, H., Utsumi, A., Kishino, F., 1994. Augmented reality: a class of displays on the reality-
virtuality continuum. Telemanipulator and Telepresence 2351.

Mynatt, E.D., Back, M., Want, R., Frederick, R., 1997. Audio aura: light-weight audio augmented reality
Proceedings of the UIST ‘97 User Interface Software and Technology Symposium 1997, pp. 21.1-2.

Neumann, U., You, S., 1999. Natural feature tracking for augmented reality. IEEE Transactions on Multimedia 1
(1), 53-64.

Poupyrev, I, Airola, C., Billinghurst, M., Kato, H., 2000. Augmented groove: collaborative jamming in
augmented reality. ACM SIGGRAPH Abstracts and Applications 2000, 2000, 77.

Schmandt, C., 1998. Audio hallway: a virtual acoustic environment for browsing Proceedings of UIST ‘98 1998,
pp. 1.63-70.

Stockburger D.W. Introductory statistics: Concepts, models and applications. online, 1998. http://www.psychstat.
smsu.edu/introbook/sbk00.htm.

Sutherland, LLE., 1968. A head-mounted three dimensional display. Proceedings of the AFIPS Fall Joint Computer
Conference 33, 7.57-7.64.

Takagi, A., Yamazaki, S., Saito, Y., Taniguchi, N., 2000. Developmentof a stereo video see-through hmd for ar
systems Proceedings of IEEE and ACM International Symposium on Augmented Reality (ISAR) 2000, pp.
68-77.

Wang, W., Yang, X., Cheok, A.D., 2002. Touch space: an embodied computing mixed reality game space.
International Workshop on Entertainment Computing (IWEC 2002) 2002, 4.55-4.62.

Wenzel, EM., 1994, Spatial sound and sonification, in: Kramer, G (Ed.), Auditory display: sonification,
audification, and auditory interfaces, pp. 127-150.

Meta Platforms, Inc.
Exhibit 1012
Page 222




1016 Z. Zhou et al. / Interacting with Computers 16 (2004) 989-1016

Wenzel, E.M., 1996. Research in virtual acoustic displays at nasa Proceedings of the Simulation Technology and
Training Conference (SimTecT’96) 1996, pp. 85-90.

Wenzel, EM., Wightman, F.L., Foster, S.H., virtual, A., 1988. A virtual display system for conveying three-
dimensional acoustic information Proceedings of the Human Factors Society, 32 1988, pp. 86-90.

Wloka, M.M., Anderson, B.G., 1995. Resolving occlusion in augmented reality Proceedings of the 1995
symposium on Interactive 3D graphics 1995, pp. 5-12.

Zhou, Z., Fabiz, F., Chen, X., Cheok, A.D., 2002. Magic music desk: a multi-modal embodied interactive desk
International Workshop on Entertainment Computing (IWEC2002) 2002, pp. 4.23-30.

Meta Platforms, Inc.
Exhibit 1012
Page 223

P ]

-

ke bt B b b B et

P Pt e e bt b B ey e



Interacting .
with [ SEV
) Computers
ELSEVIER Volume 16 issue 5 October 2004

www elsevier com/locate/intcom

Contents

Computer Literature Index Cuwrrent Contents. Curient contents/Compumath - Eigonomics Abstracts HCL Abstiacts [THCS
(nternational Journal of Human Computer Stadiesy, INSPEC Computer and Control Abstracts Information Science Abstracts
KBS tKnow ledge Based Systems). Linguistics and Lanauage Behavior Abstiacts: PsveINFO Psvehological Abstracts. Rescirch
Alert SCISEARCIH Science Citation Index. Social Planning/Policy and Dexelopment Abstiacts: Sociolozical Abstracts

Special Issue: Physiological Computing
(Includes Regular Papers)

Editorial 851
Winslow Burleson

A research agenda for physiological computing 857
Jennifer Allanson and Stephen H Fairclough

An analysis of facial movement tracking in ordinary human—computer

interaction 879
Robert Ward

On physiological computing with an application in interactive art 897
Ernest Edmonds, Dave Everitt, Michael Macaulay and Greg Turner

A platform for wearable physiological computing 917
Astro Teller

Regular Papers

Desktop virtual environments: a study of navigation and age 939

H Sayers

Investigating actability dimensions: a language/action perspective on

criteria for information systems evaluation 957
Pir J. Agerfalk

An experimental study on the role of software synthesized 3D sound

in augmented reality environments 989
Zhiying Zhou, Adrian David Cheok, Xubo Yang and Yan Qiu

For more mation visit journal homepage http://www.elsevier.com/locate/intcom

Interacting with Computers is the journal of the British HCI Group
a Specialist Group of the British Computer Society c

I A O |

0953-5438(200410)16:5;1

Meta Platforms, Inc.
Exhibit 1012
Page 224



APPENDIX
1011C

101
2222222



1/12/23,11:38 AM LC Catalog - Item Information (Full Record)

CATAL OG

€ 10f 1

PERIODICAL OR NEWSPAPER

Interacting with computers

Full Record MARC Tags

Main title

Interacting with computers.

Published/Created
Guildford, Surrey : Butterworths, c1989-

Request this Item §4 LC Find It
More Information >
LCCN Permalink https://lccn.loc.gov/89658522
Publication history Vol. 1, no. 1 (Apr. 1989)-
Description v.; 25 cm.
Current frequency Six no. a year, 1999-
Former frequency Three times a year, 1989-1998
ISSN 0953-5438
Linking ISSN 0953-5438

https://catalog.loc.gov/vwebv/search?searchArg1=0953-5438&argType 1 =all&searchCode | =KNUM&searchType=2&combine2=and&searchArg2=&argType2=all&s... 1/3

Meta Platforms, Inc.
Exhibit 1012
Page 226


https://catalog.loc.gov/vwebv/holdingsInfo?searchId=14200&recPointer=0&recCount=25&searchType=2&bibId=11363406
https://catalog.loc.gov/vwebv/staffView?searchId=14200&recPointer=0&recCount=25&searchType=2&bibId=11363406
https://lccn.loc.gov/89658522
https://catalog.loc.gov/acsvoyager/voyagerLogin.htm?page=request&bibId=11363406&recCount=25&recPointer=0&searchId=14200&searchType=2
https://openurl.loc.gov/01loc?url_ver=Z39.88-2004&ctx_ver=Z39.88-2004&rfr_id=info%3Asid%2Fcatalog.loc.gov%3ALCDB&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Ajournal&rft.genre=journal&sfx.ignore_date_threshold=1&rft.lccn=89658522&rft.issn=0953-5438&rft.title=Interacting+with+computers&rft.lccn=2007242072
https://catalog.loc.gov/vwebv/searchAdvanced?editSearchId=14200

1/12/23,11:38 AM

LC classification

Serial key title

Abbreviated title

Related names

LC Subjects

Other Subjects

Form/Genre

Browse by shelf order

Notes

Additional formats

LCCN

CODEN

Dewey class no.

National bib agency no.

Other system no.

Additional Links

Type of material

LC Catalog - Item Information (Full Record)

QA76.9.H85 159

Interacting with computers

Interact. comput.

British Computer Society. Human Computer Interaction Specialist Group.

Human-computer interaction--Periodicals.

Mens-computer-interactie.
Human-computer interaction.

Periodicals.
Periodicals.

QA76.9.H85

Title from cover.

Issues for <1999-> published by Elsevier.

Issued by: British Computer Society, Human Computer Interaction
Specialist Group.

Also issued online.

Online version: Interacting with computers (Online) (DLC) 2007242072
(OCoLC)38995456

Online version: Interacting with computers (OCoLC)607494777
89658522

INTCEE

004/.01/9

100971603

(OCoLC)ocm20745502

http://www.sciencedirect.com/science/journal/095354 38

Periodical or Newspaper

Source of description Latest issue consulted: Surrogate of Jan. 2003.

Item Availability >

https://catalog.loc.gov/vwebv/search?searchArg1=0953-5438&argType 1 =all&searchCode | =KNUM&searchType=2&combine2=and&searchArg2=&argType2=all&s... 2/3

Meta Platforms, Inc.
Exhibit 1012
Page 227


https://catalog.loc.gov/vwebv/search?searchArg=British%20Computer%20Society.%20Human%20Computer%20Interaction%20Specialist%20Group.&searchCode=NAME%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Human-computer%20interaction--Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85&searchCode=CALL%2B&searchType=1&recCount=25

1/12/23,11:38 AM

CALL NUMBER

Request in

Status

Older receipts

CALL NUMBER

Request in

Status

Older receipts

CALL NUMBER

Request in

Status

Latest receipts

LC Catalog - Item Information (Full Record)

QA76.9.H85 159
Set 1

Jefferson or Adams Building Reading Rooms
Not Charged

v.1:n0.1-v.2:n0.1 (1989:Apr.-1990:Apr.), v.2:n0.3 (1990:Dec.), v.3:n0.2
(1991:Aug.), v.4-v.11 (1992:Apr.-1998:Dec.)

v.11 (1999:Apr.-1999:Sept.), v.12 (1999:Nov.-2000:Apr.), v.13
(2000:0ct.-2001:Aug.), v.14:issue.1-v.14:issue.3 (2001:Dec.-2002:Apr.),
v.14:issue 5-v.29:issue 6 (2002:0ct.-2017:Nov.)

QA76.9.H85 159
Set 2

Jefferson or Adams Building Reading Rooms
Not Charged

v.24-v.25:n0.5 (2012-2013:Sept.)

QA76.9.H85 |59
Copy 1
Unbound issues

Newspaper & Current Periodical Reading Room (Madison LM133)
Not Charged

v. 30, issue 5 (2018 Sept.)
v. 30, issue 4 (2018 July)
v. 30, issue 3 (2018 May)
v. 30, issue 2 (2018 Mar.)
v. 30, issue 1 (2018 Jan.)

https://catalog.loc.gov/vwebv/search?searchArg1=0953-5438&argType 1 =all&searchCode | =EKNUM&searchType=2&combine2=and&searchArg2=&argType2=all&s... 3/3

Meta Platforms, Inc.
Exhibit 1012
Page 228


https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85%20I59&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85%20I59&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85%20I59&searchCode=CALL%2B&searchType=1&recCount=25

1/12/23,11:38 AM

LC Catalog - Item Information (MARC Tags)

CATAL OG

1 of 1

PERIODICAL OR NEWSPAPER

Interacting with computers

Full Record MARC Tags

000 02900cas a2200685 a 4500

001 11363406

005 20200730090955.0

007 cr unul[f{]ll]

008 891207¢19899999enkbx p 0 aleng

010 _ |a 89658522

016 7_ |a 100971603 |2 DNLM

022 - |a 0953-5438 |1 0953-5438 |2 z

030 - |a INTCEE

035 _ |a (OCoLC)ocm20745502

040 _ |a DLC |b eng |c DLC |d WAU |d DLC |d NSD |d NST |d CAS |d ELM |d COO |d NSD |d CU
S |d NLM |d NSD |d OCLCQ |d NLGGC |d GUA |d OCLCQ |d OCLCO |d OCLCQ |d OCLCF
|d OCLCO |d GILDS

042 . |a pcc |a nsdp

050 00 |a QA76.9.H85 |b 159

082 00 |a 004/.01/9 ]2 20

210 0_ |a Interact. comput.

222 0 |]a Interacting with computers

245 00 |]a Interacting with computers.

249 0_ li ACQUIRE Title: |a Interacting with computers / British Computer Society Human Computer
Interaction Specialist Group

260 o |a Guildford, Surrey : |b Butterworths, |c c1989-

300 _ lav.;|c25cm.

310 o |a Six no. a year, |b 1999-

https:/catalog loc.gov/ivwebv/staffView?searchld=14200&recPointer=0&recCount=25&searchType=2&bibld=11363406 1/4

Meta Platforms, Inc.
Exhibit 1012
Page 229


https://catalog.loc.gov/vwebv/holdingsInfo?searchId=14200&recPointer=0&recCount=25&searchType=2&bibId=11363406
https://catalog.loc.gov/vwebv/staffView?searchId=14200&recPointer=0&recCount=25&searchType=2&bibId=11363406
https://catalog.loc.gov/vwebv/searchAdvanced?editSearchId=14200

1/12/23,11:38 AM

LC Catalog - Item Information (MARC Tags)

321 o |a Three times a year, |b 1989-1998

362 0_ |a Vol. 1, no. 1 (Apr. 1989)-

500 . |a Title from cover.

500 . |a Issues for <1999-> published by Elsevier.

530 o |a Also issued online.

550 _ |a Issued by: British Computer Society, Human Computer Interaction Specialist Group.

588 o |a Latest issue consulted: Surrogate of Jan. 2003.

590 o |a SERBIB/SERLOC merged record

592 _ |a ACQN: ag 96007563

592 o |a KP1; QA76.9.H85159;

650 0 |a Human-computer interaction |v Periodicals.

650 17 |a Mens-computer-interactie. |2 gtt

650 7 |a Human-computer interaction. |2 fast |0 (OCoLC)fst00963494

655 7 |a Periodicals. |2 fast |0 (OCoLC)fst01411641

655 7 |a Periodicals. |2 Icgft

710 2_ |a British Computer Society. |b Human Computer Interaction Specialist Group.

776 08 |i Online version: |t Interacting with computers (Online) |w (DLC)
2007242072 |w (OColLC)38995456

776 08 |i Online version: |t Interacting with computers |w (OCoLC)607494777

850 . |a CSt|a CU-SB |a DLC |a MiU |a NIC |a WaU

859 41 |u http://www.sciencedirect.com/science/journal/09535438

890 _ |a Interacting with computers. |i 89-658522

906 o |a 7 |b cbc |c serials |d 3 |e ncip |f 19 |g n-oclcserc

920 o |a Keep 2

984 . |a srvf

985 . |e eserial 200406

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |w SERIALS

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |p 00033793984 |t Copy 1 |v 1 * 1989 |w CCF

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |p 00033793947 |t Copy 1 |v 2-3: INCOMPLETE * 1990
-91: AP |w CCF

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |p 00033819614 |t Copy 1 |v 4 * 1992 |w CCF

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |p 00033793868 |t Copy 1 |v 6 * 1994 |w CCF

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |p 00008928113 |t Copy 1 |v 7 * 1995 |w CCF

991 _ |b c-GenColl |h QA76.9.H85 |i 159 |p 00054008193 |t Copy 1 |v 8 * 1996 |w CCF

991 _ |b c-Ser |w ACQUIRE

992 _ |b EMPTY |w ACQUIRE

992 __ |b SER|w SERLOC

https://catalog loc.gov/vwebv/staffView?searchld=14200&recPointer=0&recCount=25&searchType=2&bibld=11363406 24

Meta Platforms, Inc.
Exhibit 1012
Page 230



1/12/23,11:38 AM

LC Catalog - Item Information (MARC Tags)

A LC Find It

Request this Item

Item Availability >
CALL NUMBER QA76.9.H85 159
Set 1
Request in Jefferson or Adams Building Reading Rooms
Status Not Charged
Older receipts v.1:n0.1-v.2:n0.1 (1989:Apr.-1990:Apr.), v.2:n0.3 (1990:Dec.), v.3:n0.2
(1991:Aug.), v.4-v.11 (1992:Apr.-1998:Dec.)
v.11 (1999:Apr.-1999:Sept.), v.12 (1999:Nov.-2000:Apr.), v.13
(2000:0ct.-2001:Aug.), v.14:issue.1-v.14:issue.3 (2001:Dec.-2002:Apr.),
v.14:issue 5-v.29:issue 6 (2002:0ct.-2017:Nov.)
CALL NUMBER QA76.9.H85 159
Set 2
Request in Jefferson or Adams Building Reading Rooms
Status Not Charged
Older receipts v.24-v.25:n0.5 (2012-2013:Sept.)
CALL NUMBER QA76.9.H85 159
Copy 1
Unbound issues
Request in Newspaper & Current Periodical Reading Room (Madison LM133)
Status Not Charged
Latest receipts v. 30, issue 5 (2018 Sept.)
v. 30, issue 4 (2018 July)
v. 30, issue 3 (2018 May)
v. 30, issue 2 (2018 Mar.)
https://catalog.loc.gov/vwebv/staff View ?searchld=14200&recPointer=0&recCount=25&searchType=2&bibld=11363406 3/4

Meta Platforms, Inc.
Exhibit 1012
Page 231


https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85%20I59&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85%20I59&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QA76.9.H85%20I59&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/acsvoyager/voyagerLogin.htm?page=request&bibId=11363406&recCount=25&recPointer=0&searchId=14200&searchType=2
https://openurl.loc.gov/01loc?url_ver=Z39.88-2004&ctx_ver=Z39.88-2004&rfr_id=info%3Asid%2Fcatalog.loc.gov%3ALCDB&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Ajournal&rft.genre=journal&sfx.ignore_date_threshold=1&rft.lccn=89658522&rft.issn=0953-5438&rft.title=Interacting+with+computers&rft.lccn=2007242072

1/12/23,11:38 AM LC Catalog - Item Information (MARC Tags)
v. 30, issue 1 (2018 Jan.)

https://catalog.loc.gov/vwebv/staff View ?searchld=14200&recPointer=0&recCount=25&searchType=2&bibld=11363406 4/4

Meta Platforms, Inc.
Exhibit 1012
Page 232



APPENDIX
1011D

101
3333333



Meta Platforms, Inc.
Exhibit 1012
Page 234



INTERACTING WITH COMPUTERS

Volume 16 (2004)
Special Issue
Physiological Computing
Guest Editor:

Winslow Burleson

MIT Media Laboratory
20 Ames Street
Cambridge, MA 02139, USA
E-mail: win@ media.mit.edu

UNIVERSITY OF MICHIGAN

DEC 02 2004
HCHIGAN

AATI M ADY

ELSEVIER

Amsterdam - Boston-Jena—-London-New York-Oxford - Paris—Philadelphia—St. Louis

Meta Platforms, Inc.
Exhibit 1012
Page 235




Interacting with Computers is an international journal published by Elsevier B.V.

http://www.elsevier.com/locate/intcom

Address for submissions: Papers may be submitted to the Generat Editor.

Subscription enquiries and orders: Elscvier B.V., Order Fulfilment Department, PO Box 211, 1000 AE Amsterdam, The Netherlands.
Tel.: +31 (20) 485 3642; Fax: +31 (20) 485 3598.

Annual institutional subscription rates 2004 (6 issues): Associated personal subscription rates are available on request for those whose
institutions are library subscribers. Non-VAT registered customers in the European Community will be charged the appropriate VAT in
addition to the price listed. Prices include postage and insurance and are subject to change without notice.

Back issues: are available from Oxford Fulfilment Centre, Elsevier Ltd, The Boulevard, Langford Lanc, Kidlington, Oxford OX5 1DX,
UK. Tel.: +44 (0)1865 843699; Fax: +44 (0)1865 84391 1; e-mail: journals@elsevicr.co.uk

Advertising information: Advertising orders and enquiries may be sent to: Europe and ROW: Miss Katrina Barton, Commercial Sales,
Elsevier, 84 Theobald's Road, London, WC1X 8RR; phone: (+44) (0) 20 7611 4117; fax: (+44) (0) 20 7611 4463; e-mail: commercialsa-
les@elsevier.com. USA, Canada and South America: Mr Tino DeCarlo, Elscvier Inc., The Advertising Department, 360 Park Avenue
South, New York, NY 10010-1710, USA; phone: (+1) (212) 633 3815; fax: (+1) (212) 633 3820; e-mail: t.decarlo@clsevier.com. Japan:
The Advertising Department, Elsevier K.K., 4F Higashi-Azabu, 1-Chome Bldg, 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106-0044,
Japan; phone: (+81) (3) 5561 5037; fax: (+81) (3) 5561 5047; e-mail: jp.info@elsevier.com.

Microfilm: A microfilm version of Interacting with Computers is available from University Microfilms Inc., 300 N. Zeeb Road, Ann Arbor,
MI 48106-1346, USA.

USA mailing notice: /nteracting with Computers (ISSN 0953-5438) is published bi-monthly in January, March, May, July, September and
December by Elsevier B.V. (P.O. Box 211, 1000 AE Amsterdam, The Netherlands). Annual subscription price in thc USA US$ 779 (valid
in North, Central and South America), including air specd delivery. Application to mail at periodical postage rate is pending at Jamaica, NY
11431.

USA POSTMASTER: Send address changes to Interacting with Computers , Publications Expediting Inc., 200 Meacham Ave, Elmont,
NY 11003.

AIRFREIGHT AND MAILING in the USA by Publications Expediting Inc., 200 Meacham Avenue, Elmont, NY 11003.

Copyright © 2004 Elsevier B.V. All rights reserved

This journal and the individual contributions contained in it are protected by the copyright of Elsevier B.V. and the following terms and
conditions apply to their use.

Photocopying

Single photocopies of single articlcs may be made for personal use as allowed by national copyright laws. Permission of the publisher and
payment of a fee is required for all other photocopying, including multiple or systematic copying, copying for advertising or promotional
purposes, resale, and all forms of document delivery. Special rates are available for cducational institutions that wish to make photocopics
for non-profit educational classroom use.

Permissions may be sought directly from Elsevier’s Rights Department in Oxford, UK; phone (+44) 1865 843830, fax: (+44) 1865 853333,
e-mail: permissions @elsevier.com. Requests may also be completed on-linc via the Elsevier home page (http://www.elsevicr.com/locate/
permissions).

In the USA, users may clear permissions and make payment through the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923, USA; phone: (978) 7508400, fax: (978) 7504744, and in the UK through the Copyright Licensing Agency Rapid Clearance
Service (CLARCS), 90 Tottenham Court Road, London W1P OLP, UK; phone: (+44) 171 631 5555, fax: (+44) 171 631 5500. Other
countries may have a local reprographic rights agency for payments.

Derivative Works

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal circulation within their institutions.
Permission of the publisher is required for resale or distribution outside the institution.

Permission of the publisher is required for all other derivative works, including compilations and translations.

Electronic Storage or Usage

Permission of the publisher is required to store or use electronically any material contained in this journal, including any article or part of an
article. Contact the publisher at the address indicated.

Except as outlined above, no part of this publication may be reproduced, stored in a retricval system or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording or otherwise, without prior written permission of the publisher.

Address permissions requests to: Elsevier Rights Department, at the fax and e-mail addresses noted above.

Notice

No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products liability,
negligence or otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the material herein.
Because of rapid advances in the medical sciences, in particular, independent verification of diagnoses and drug dosages should be made.
Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication docs not constitute a
guarantee or endorsement of the quality or value of such product or of the claims made of it by its manufacturer.

@ The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper).
Printed in The Netherlands

Meta Platforms, Inc.
Exhibit 1012

Page 236



Available online at www.sciencedirect.com

sc.s..u@.,.“c,. Interacting
with
Computers

www.elsevier.com/locate/intcom

Interacting with Computers: the Interdisciplinary
Journal of Human—-Computer Interaction

Volume 16 Issue 5 October 2004

Special Issue (Includes Regular Papers)
Physiological Computing

Editorial
Winslow Burleson 851

A research agenda for physiological computing
Jennifer Allanson and Stephen H. Fairclough 857

An analysis of facial movement tracking in ordinary human-computer
interaction
Robert Ward 879

On physiological computing with an application in interactive art
Ernest Edmonds, Dave Everitt, Michael Macaulay and Greg Turner 897

A platform for wearable physiological computing
Astro Teller 917

Regular Papers

Desktop virtual environments: a study of navigation and age
H. Sayers 939

Investigating actability dimensions: a language/action perspective on criteria
for information systems evaluation
Par ] Agerfalk 957

An experimental study on the role of software synthesized 3D sound in
augmented reality environments
Zhiying Zhou, Adrian David Cheok, Xubo Yang and Yan Qiu 989

1For more information visit the journal homepage http://www.elsevier.com/locate/ intcom}

Interacting with Computers is the journal of the British HCI Group, ﬂitish ﬁ

a Specialist Group of the British Computer Society gwrg.%

bes.org.uk/m

Meta Platforms, Inc.
Exhibit 1012
Page 237




This material may be protected by Copyright law (Title 17 U.S. Code)

Available online at www.sciencedirect.com

,c..,.c,@,,,“c,. Interacting
with
Computers

LSEVIER Interacting with Computers 16 (2004) 989-1016

www.elsevier.com/locate/intcom

An experimental study on the role of software
synthesized 3D sound in augmented
reality environments

Zhiying Zhou, Adrian David Cheok™, Xubo Yang, Yan Qiu

Department of Electrical and Computer Engineering, National University of Singapore, Singapore 117576

Received 19 January 2004; revised 17 April 2004; accepted 17 June 2004
Available online 5 August 2004

Abstract

Investigation of augmented reality (AR) environments has become a popular research topic for
engineers, computer and cognitive scientists. Although application oriented studies focused on audio
AR environments have been published, little work has been done to vigorously study and evaluate
the important research questions of the effectiveness of 3D sound in the AR context, and to what
extent the addition of 3D sound would contribute to the AR experience.

Thus, we have developed two AR environments and performed vigorous experiments with human
subjects to study the effects of 3D sound in the AR context. The study concerns two scenarios. In the
first scenario, one participant must use vision only and vision with 3D sound to judge the relative
depth of augmented virtual objects. In the second scenario, two participants must co-operate to
perform a joint task in a game-based AR environment.

Hence, the goals of this study are (1) to access the impact of 3D sound on depth perception in a
single-camera AR environment, (2) to study the impact of 3D sound on task performance and the
feeling of ‘human presence and collaboration’, (3) to better understand the role of 3D sound in
human-computer and human-human interactions, (4) to investigate if gender can affect the impact of
3D sound in AR environments. The outcomes of this research can have a useful impact on the
development of audio AR systems which provide more immersive, realistic and entertaining
experiences by introducing 3D sound. Our results suggest that 3D sound in AR environment
significantly improves the accuracy of depth judgment and improves task performance. Our results

* Corresponding author. Tel.: +6874-6850; fax: +6779-1103.
E-mail address: adriancheok @nus.edu.sg (A.D. Cheok).

0953-5438/$ - see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.intcom.2004.06.014
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also suggest that 3D sound contributes significantly to the feeling of ‘human presence and
collaboration’ and helps the subjects to ‘identify spatial objects’.
© 2004 Published by Elsevier B.V.

Keywords: 3D sound; Augmented reality; Depth perception; Localization of sound; Task performance; Collaboration;
User studies

1. Introduction

Audio feedback, especially 3D sound, has proven itself to be an effective addition to
human—computer interfaces in many studies. Sounds can be used to present information
that would otherwise be difficult to convey through other means (Gaver et al. 1991).
Moreover, 3D sound can convey location information for specific alerts or warnings. Also,
3D sound was reported to increase the immersive experience in virtual reality (VR)
environments and hence provide a more realistic virtual environment (Begault 1994).
Furthermore, the addition of 3D sound has been shown to increase the performance in
active tasks (Wenzel, 1996; Avionique). In previous works, Mereu (1995) suggested that
sound could improve depth perception in 3D interfaces. Makino et al. (1996) also
indicated that spatialized sound from virtual acoustic display helps fast and accurate
navigation. Additionally, simulations by Gaver et al. (1991) suggested that auditory icons
can play a significant role in multiprocessing and collaborative system. Unlike VR in
which extensive research has been carried on 3D sound, augmented reality (AR) aided by
3D sound is still a relative new research area.

AR, as placed on the reality—virtuality continuum (Milgram et al., 1994), refers to
the incorporation of virtual computer graphics objects into a real world scene, or
alternatively the inclusion of real world elements into a virtual environment. The
former case is generally referred to as AR, and the latter as augmented virtuality.
Azuma (1997) has defined three characteristics that are integral to an AR interface.
First, it combines the real and the virtual. Second, it is interactive in real time. Third,
it is registered in three dimensions. Although AR is often associated with visualization
(starting with the first head-mounted display by Sutherland (1968)), augmentation is
also possible in the aural domain (Cohen et al., 1993; Mynatt et al., 1997). If we
extend this notion to include sonic effects, a real-time registered three dimensional
(3D) sound could also be a paradigm of AR applications, and is termed augmented
audio reality (AAR) (Cohen et al., 1993).

A few applications have applied 3D sounds in AR to enhance user experiences.
Billinghurst et al. (1998) presented a prototype wearable communication space that uses
spatial visual and audio cues to enhance communication between remote groups of people.
The ‘Listen Project’ (Eckel et al., 2001) provides users with intuitive access to personalize
and situated audio information spaces while they naturally explore everyday environ-
ments. It augments the physical environment through a dynamic sound-scape, which users
experience over motion-tracked wireless headphones. The ‘Magic Music Desk’ (Zhou
et al., 2002) registered virtual sound sources on fiducial markers from which 3D position
information was retrieved by vision-based tracking method (Kato and Billinghurst, 1999).
‘Touch space’ (Cheok et al., 2004) applied different 3D sounds to represent different
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moving avatars in AR environment. Although there are quite a few AAR applications,
the effectiveness of 3D sound in AAR has been rarely investigated. The particular research
problems and questions that arise are:

1. Exact spatial 3D sound in virtual and augmented environments requires perceptual
externalization of the sound source, which can only be brought about by using head
related transfer functions (HRTFs) (Bill G, 1994) (these are tuned to each individual),
reflections, reverberation, etc. (Wenzel, 1994) which might be too complex to be
included in normal real time AR applications (which need to be a real time interactive
system for any user without individual training). An alternative way to generate 3D
sound is to use open source software development kits (SDKs) which have already
incorporated the general HRTFs database and simple model of environment to generate
3D sound. The minimum requirement of these SDKs to generate 3D sound is to update
the relative position of the virtual sound source to the head co-ordinate system. Thus,
with such sound sources, a problem turns to be how can we track the sound source
relative to user’s head co-ordinate system.

2. How can we precisely register virtual sound sources in the physical world? More
specifically, what kind of tracking method is suitable for obtaining precise position and
orientation of the sound source in AR environments?

3. As 3D sound has been reported to improve depth perception (Mereu S, 1995) in 3D
interfaces, will this argument stand in AR environment? If so, how can we investigate
the effect of 3D sound? For example, what measures can be defined to quantify the
performance of depth judgments?

4. Normally the space of AR environments is relatively small, and the attenuation of
sound with distance in this small area can be too vague to be perceived. This is because
in most 3D sound systems, the intensity of sound (a very strong distance cue) would
follow incremental reductions of 6 DB for each successive position of doubled distance
(Begault, 1994). This means that for small areas, the 3D sound hardly plays a role to
provide a cue to the depth (or the distance of the frontal sound sources). In order to
make 3D sound give a cue to depth in a small space, we need to exaggerate the intensity
difference of 3D sound according to distance (depth) changes of the virtual sound
sources. However, this leads to a new issue, which is to research if this exaggeration
will ruin the realistic and immersive feeling which we have been focused on. It needs to
be investigated what are the subjective feelings on this exaggeration to the human.

5. Does 3D sound still improve the task performances in AR environment? If so, what
kind of tasks can be used to evaluate a user’s performance and what measures can be
applied to investigate the 3D sound’s effect on improving task performance?

6. Does 3D sound play a significant role in collaborative AR environment? If so, how can
we apply 3D sound and evaluate its role? In what ways will the subjective experience
‘human presence and collaboration’ in AR environments? Especially what will be the
subjective experiences from the addition of 3D sound?

Recent software and hardware advances in AR and auditory interfaces enable us to
integrate 3D sound into AR environments and study these interesting questions. Although
the quality of 3D sound generated by software synthesizers (Loki Entertainment Software)

Meta Platforms, Inc.
Exhibit 1012
Page 240




992 Z. Zhou et al. / Interacting with Computers 16 (2004) 989-1016

is still to be examined by rigorous tests (Langendijk and Bronkhorst, 2000), the pre-tests
taken by the developer and the user feedback from commercial applications have to some
extend proved its fidelity. Our goal of this research is to do both quantitative and
qualitative studies on the effectiveness of such software synthesized 3D sound in an AR
environment. The outcomes of this research can have a useful impact on the development
of AAR interfaces and the enhancement of AR environments for performing collaborative
tasks such as co-operative teaching, training and gaming systems. Our contributions to the
research topic are as follows:

1. Depth perception in AR: We investigated the impact of 3D sound on improving depth
perception in AR systems with single-camera settings. We designed an experiment to
measure the accuracy of depth judgment in the cases with and without 3D sound.

2. Perceptual feeling of sound depth exaggeration: In order to make full use of 3D
sound’s dimensional information in a relative small AR environment we exaggerated
the intensity difference of virtual sound sources in different depths by multiplying an
additional scalar factor. We investigated the subject’s perceptual feeling to this
exaggeration, :

3. Task analysis with AR sound: We designed a searching task in another AR environment
which requests the user to find a virtual character in the augmented scene; we
investigated the impact of 3D sound on the task completion time.

4. Collaboration and location with AR sound: We applied a constant 3D sound on subject
and task target to investigate the impact of 3D sound on the subject’s feeling of ‘human
presence and collaboration’ and the impact on ‘locating correct augmented information’.

In Section 2, we discuss the general issues of developing AAR with 3D sound, and two
different tracking methods for registering virtual 3D sound sources. The experimental goals
and subjects are introduced in Section 3. The results of the experiments are then given and
discussed in Section 4. The conclusions of the study are summarized in Section 5.

2. Development of AR environments with 3D sound for experimental analysis
2.1. General issues

Generating real 3D sound requires. requires perceptual externalization of the sound
source, which can only be brought about by using HRTFs (Bill G, 1994), reflections,
reverberation, etc. (Wenzel, 1994) These HRTFs can be used to produce 3D sound effects
from a linear convolution between sound signals and its corresponding spatial related
impulse response (Wenzel et al., 1988) while the reflections and reverberations involve
sophisticated modelling of environment. The individually derived HRTFs are better for
individual users to provide more realistic sound experience. However, individual HRTFs
are difficult for AR implementation due to the fact that AR systems are designed to be real
time interactive systems that do not need individual user configuration. Thus our
experiments were taken for randomized selected students. For easy implementation of 3D
sound generation, several open source software development kits (SDKs), have been
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developed such as OpenAL (Loki Entertainment Software) and FMOD (L. Firelight
Technologies). These use the general HRTFs database and modeling environment in a
relative simple manner. However, as mentioned in Section 1, for AR systems 3D sound
does not play a significant role to tell the depth (or the distance of the frontal sound
sources) because most of actual AR spaces are relatively of small size (for example small
office, tabletops, books, etc.).

Sound intensity has been shown to be a key cue in distance perception in humans.
However, in the small physical spaces used in AR systems the human is only effectively
provided with binaural cues from the synthesizer. Thus we try to also add the effect of
intensity for the depth cue. Our approach is to exaggerate the intensity difference of sound
sources in different depths by applying an additional scaling factor to the intensity of 3D
sound generated by synthesizer. The intensity of the ith 3D sound V] is given by Eq. (1):

Vi, = (Dmax - Di)Vi/Dmax (1)

where D; is the depth of the ith 3D sound source; V; is the intensity of the ith 3D sound
generated by synthesizer given the position of the ith sound source. Dy is the possible
maximum distance of the sound sources which is subject to the space of different AR
environments. We measured the space in our first and second experiments and the
maximum distance was 1.5 and 5.5 m, respectively.

Apart from intensity, it is known that for distance perception the ratio of the energies of
direct and reflected sound is of importance (Middlebrooks and Green, 1991; Bronkhorst
and Houtgast, 1999). For objects farther away from the listener, coupling the decrease in
virtual sound intensity with an increase in the ‘reverberation’ will lead to a more realistic |
perceptions. In order to focus on the main points with regards to AR sound we did not add
the factor of reverberation, and left this issue for our future research.

In our first experiment the sound sources are always placed around 1.5 m away in the
front of the listener. However, in a more general and complex AR environment like the
second experimental environment, the listener can walk freely in a physical space where
virtual sound sources can be very close to the left and the right side of the head. In this
case, the head starts functioning as a sound barrier for high frequencies. Consequently, the
(high-frequency) sound intensity will of course increase as the source approaches the head
in the ear at the same side of the head but, due to the increasing barrier function, decrease
in the ear at the other side of the head. It is reported that binaural cues play an important
role in auditory distance perception for nearby sources (Brungart and Rabinowitz, 1999;
Brungart, 1999). This fact plus our exaggeration process mentioned above causes a design
problem of AAR when the listener is very close to or even overlaid on the virtual sound
source. In this case the user can have very strange auditory experience and even get
confused. This was confirmed in our experimental results which are shown below
(Question 3 of Experiment 2 below).

2.2. Development of AR environments with 3D sound for experimental analysis

In the most common AR paradigm, the user wears a head mounted display (HMD)
through which the user views the real world, either directly, or via a video camera attached
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to the front of the display Virtual objects are then superimposed on the real world. Early
studies such as (Feiner et al., 1993) of this type simply overlaid two-dimensional text
information on objects in the scene, but it has now become common to superimpose
objects in three dimensions. The minimal requirements for this are that the position of the
camera must be determined relative to the whole scene (or an object therein). The
transformation matrix (TCM) between the scene and camera co-ordinates can then be used
to generate the correct and seamless view of the virtual object. Given this TCM we can get
the exact 3D position of the virtual object (virtual sound source) in the user’s head
co-ordinate system, which is the basic requirement of 3D sound synthesizer.

In our experiments, we applied the OpenAL (Loki Entertainment Software) to generate
the 3D sound. Essential parameters needed are the virtual sound source’s 3D position and
its speed relative to the user’s ear. More generally, the 3D position and speed of the virtual
sound source and the position and orientation of user’s head are needed. In the following
parts we will introduce two tracking methods to solve this problem. However, since in our
experiments the relative speed of head to virtual sound source is only as slow as 2m s~ !,
we ignored the Doppler Effect caused by their relative movement and thus we were only
interested in their positions and orientations.

In our experiments, the final augmented virtual image was viewed through a Daeyang
Cy-Visor DH-4400VP HMD, which presented the same 640480 pixel image to both
eyes. A PremaCam SCM series color security camera was attached to the front of this
HMD. Our visual augmentation produced 25 images of 320X 480 pixel resolution per
second. To synchronize with the update of the visual scene, we updated the position of the
virtual sound sources 25 times per second. The headphone on the HMD plays back the 3D
sound generated by the computer. In this way, we provide an AR environment which is
both visually and audibly augmented.

2.3. AR experimental environment implemented by vision-based tracking method

There have been many vision tracking methods for AR reported in recent years. In our
first experiment, we used a precise vision-based toolkit for AR tracking (Kato and
Billinghurst, 1999) reported by Kato and Billinghurst. It used image-processing
technology to retrieve 3D position information from a fiducial marker. The ‘ARGroove’
(Poupyrev et al., 2000) applied this tracking method to get different position and
orientation descriptions of the marker movements for which they defined different music.
Our first AR experiment system used this tracking method to track the position of virtual
sound source which is attached on fiducial marker.

The 3D position of the marker relative to camera can be obtained by computing the
TCM from the camera co-ordinates to the 7 marker co-ordinates (Kato and Billinghurst,
1999). However, the 3D position of the marker we obtain is based on the camera
co-ordinates. Thus, in order to obtain the 3D position of the marker in user’s head
co-ordinates (3D sound synthesizer’s co-ordinates), simple translations from the camera to
the center of user’s inter-aural axis should be considered. As shown in Fig. 1, in order
to attach the virtual sound source on the marker, the TCM from the 3D sound co-ordinates
to marker co-ordinates could be calculated by simply applying translations to TCM
obtained before. The 3D position of the marker in the 3D sound co-ordinates are then fed
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human depth perception is based on both monocular cues and binocular cues. Binocular
cues include parallax and ocular convergence, while monocular cues include interposition,
relative (or familiar) size, linear perspective, texture gradient, light and shadows.
The users’ responses in our user study suggest that the depth of augmented object is hard to
decide in this kind of mono AR environment setup.

This is because that the binocular cues do not work well due to the single-camera
setting. Furthermore, because the augmented objects were rendered over the captured
images, they appear to occlude everything behind them. To render the virtual objects to be
faithful to the actual lighting conditions of the physical world is still a challenging
problem. The correct display of shadow and texture gradient of the augmented objects
needs the precise estimation of light sources (Kanbara and Yokoya, 2002). The occlusion
problem of the augmented objects relative to the real object is also a difficult problem
(Fuhrmann et al., 1999). Due to these difficulties, it is still not possible in real-time AR
systems to have realistic virtual objects with respect to lighting, shadowing, and occlusion.
Thus, our goal is to find out whether 3D sound can help in the judgment of depth, and if so,
to what extend can it be helpful for AR.

We thus designed an experimental task which requires the subject to tell which of the
augmented objects is closer (less deep) to her and we calculated the accuracy of the
judgments. The subjects were required to give their judgment under the conditions of
vision plus 3D sound and vision only. As will be seen in the sections below, the judgment
accuracy was found to be significantly higher when 3D sound was applied.

2.4. AR experimental environment implemented by acoustic-inertial tracking method

The vision-based maker tracking method can register the virtual objects and virtual
sound sources into the real scene precisely. However it has several short-comings as well.
For example, the marker tracking algorithm is sensitive to the lighting environment. Also
the requirement of keeping a marker in the scene all the time limits the user’s movement as
well as viewpoint and thus restricts the user to a relatively small space and a narrow angle
of view. This drawback could be improved to some extent by using multi-marker tracking
or natural feature tracking methods (Neumann and You, 1999). However, they still do not
allow fully free head and body movements.

Some previous work used other methods for registering a virtual sound source in a
larger space which allowed user’s free movement. Makino et al. (1996) used the Global
Positioning System (GPS) to locate the traveler within the environment. With differential
correction by way of audio link from a GPS reference receiver in the local vicinity,
localization is accurate to around 1 m under good conditions of reception. The listen
project (Eckel et al., 2001) used motion-tracked wireless headphones to retrieve the
position of the user in the environment. A similar method was applied by Schmandt
(1998) where the head position is gained from a Polhemus sensor mounted on the
headphones.

In our research system (Cheok et al., 2004; Wang et al., 2002), we use the InterSense
IS-900 system (InterSense) for precise motion tracking. The IS-900 system is a hybrid
acoustic-inertial six degree of freedom (6 DOF) position and orientation tracking system.
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. Whether 3D sound helps depth perception and by how much.
. Whether the exaggeration of intensity difference of 3D sound will be acceptable or
unacceptable psychologically.

[\ I

In the second experiment, our goal is to find out:

1. Whether 3D sound helps in task performance, or more specifically, whether it helps to
shorten a searching task completion time and by how much.

2. Whether 3D sound gives more immersive and realistic perception to the users and
whether it helps the subject to distinguish different objects in AR environments.

3. Whether 3D sound increases the feeling of *human presence and collaboration’.

Both qualitative and quantitative studies were conducted in each experiment. The study
took place over a four-week period in the summer of 2002.

Forty subjects (13 females and 27 males) were each paid Singapore $8 (approximately
$4 USD) per hour to participate in this study. All the participants were undergraduate
students at the National University of Singapore. Most of them were freshmen or Jjuniors
majoring in computer engineering. The subjects were on average 21.3 years old and had
used computer for 8.7 years. They were asked to mark from 1 to 7 about how often
(1 means very often while 7 means very seldom) do they use computers and how often do
they play games. The averages were 1.7 and 4.5 respectively, which means that they often
use computers, but play games only occasionally. All of the subjects reported clear-vision
and normal hearing abilities.

Each subject performed both experiments. However in the second experiment, 20
subjects (seven females and thirteen males) were asked to conduct the searching task with
the aid of 3D sound while the other 20 subjects (6 females and 14 males) conducted the
same task without the 3D sound. Before doing the experiments, all the subjects were given
a brief introduction about AR and the tasks to be performed. Each of the subjects was
given five minutes to initially try on the HMD and experience the 3D sound effect. After
the experiments, all subjects were given 25 min to finish a questionnaire based on the
experiments finished.

4. Experimental results

In this section we present the details of the evaluation studies of 3D sound effect and
performance in our two AR environments described before

4.1. Experiment of the impact of 3D sound on depth judgment

4.1.1. Design and procedures

In this experiment, we examined the effect of 3D sound on helping users to judge the
relative depth of objects in an AR environment (Fig. 4) implemented by vision-based
tracking method. Users were required to tell the relative depth of the two markers upon
which virtual objects were augmented. In order to precisely position the markers, we used
a white board to hold the markers. We set the height of user’s chair so that the markers
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Do you feel it is unintuitive that the depth scale of 3D sound in this experiment has been
exaggerated? Please select from the following choices about how you feel:

A. very unintuitive B. unintuitive C. medium D. intuitive E. very intuitive F. did not
notice at all

Question 1 allows multiple choices. Every choice given by the user will be counted as a
single vote to the selected choice. Although different users might tick different numbers of
choices, the vote diagram is not severely disturb qualitatively since our purpose is to find out
what are the cues most users will use for judging depth. As shown in Fig. 7(a), the ‘size’ cue
was given the first place (30 votes) of all the cues in our question. This partially explains why

(a) Votes of the answers to Q1
40 B brightness
30 B color
30
O size
20 [0 intuition
12
10 B background
10
3 B motion
0
0 B others
(b) Votes of the answers to Q2
25
20
20 B veryhard
14 B had
15
O medium
10
] easy
3
5 3 " Bl veryeasy
0 [

Fig. 7. Statistical charts of the answers to Question 1, 2 of Section 4.1.3 (a) The votes of the answers to question 1:
When you were supposed to judge the relative depth of the two markers, what cues did you mainly use the depth
of markers (can have multiple choices)? It can be seen from this chart that users are more likely to judge the depth
of object by the size, brightness and the background cues. (b) The votes of the answers to question 2: Do you think
itis hard to tell the relative depth of 2 objects in this experiment? It can be seen from this chart that it is hard to tell
the relative depth of the two markers in our experimental AR environment.
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itis difficult for subjects to judge the relative depth when two markers are almost of the same
size. Our setting of AR environment in this experiment restrained the effect of background
(ten votes) and motion (three votes). The cue ‘brightness’ which reects the cue ‘light and
texture gradient’ obtains the second highest votes (15 votes). This gives us a hint that in
order to obtain good depth perception, it is also important to adjust the appearance of virtual
object so that it fits its surrounding physical lighting environment.

However, in this experimental system, the brightness of the object is predefined when
the model was created. Hence it brings more difficulties for depth judgment, and it can not
provide the cue ‘light and texture gradient’. Therefore, this suggests that in the future
research we can adjust the brightness of augmented objects according to its lighting
environment so as to achieve better depth perception.

In response to question 2, most subjects claimed that it is hard (three claimed very hard
and 20 claimed hard) to judge the relative depth of objects in this experiment without the
3D sound cues. Fig. 7(b) gives the chart of this result. This psychological feeling is in
accordance with the results shown in Fig. 5 where the accuracy of judgment is only
28.25% in average for tests without sound.

There is an interesting result from the answers to question 3. Only 19 subjects thought
that 3D sound has helped them however, 6 subjects claimed ‘no’ and 15 subjects claimed
‘uncertain’, as shown in Fig. 8(a) (one subject somehow forgot to give the answer to this
question, thus only 39 votes are appeared in this chart). This implies that the addition of 3D
sound may have contributed to the depth perception (Fig. 5) although the subject may not
psychologically feel it. While this result is quite interesting, more detailed and long term
psychological investigation needs to be conducted before drawing any reliable conclusions.

In question 4, our prospect is to find out whether our exaggeration of 3D sound will lead
to a degrading of the perceptual experience. The result (Fig. 8(b)) shows that only one
subject claimed that it is ‘very unintuitive’ and six subjects claimed that it is ‘unintuitive’.
Nine subjects claimed ‘medium’, 12 subjects claimed ‘intuitive’ and one subject claimed
‘very intuitive’. Moreover, 11 subjects claimed that they ‘didn’t notice at all’.

Although there is still a risk of losing the ‘realistic experience’ since the 3D sound
environment is different from our everyday life, this result suggests that most of the users
will still feel the virtual scene is intuitive psychologically if the exaggeration scale is
properly chosen. This result is critical to the development of 3D sound system in AR
environment since, unlike in pure VR system, normally the exaggeration is required,
otherwise we may lose the information carried by one dimension of 3D sound-the depth.
This occurs especially when the physical AR environment is as small as our experimental
game system or even smaller, as in the desktop AR environment of the depth perception
experiment.

4.2. Experiment of 3D sound’s impact on task completion time and the feeling of ‘human
presence and collaboration’

4.2.1. Design and procedures

In the second experiment, we examined the effect of 3D sound in a larger AR
environment in the form of a simple game Barfield (Barfield et al., 1997) identified three
primary benefits of auditory spatial information displays as: relieving processing demands
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(a) Votes of the answers to Q3
19
20
14
15
B yes
10 B no
[ uncertain
5
0
(b) Votes of the answers to Q4
15
12 A B very unintuitive
1
9 B unintuitive
10 [0 medium
6
5 [0 intuitive
B very intuitive
1 B not notice at all
0

Fig. 8. Statistical charts of the answers to Question 3, 4 of Section 4.1.3. (a) The votes of the answers to question
3: Overall, do you think 3D sound help you to make a correct decision? (One subject somehow forgot to give
answer to this question, thus only 39 votes are appeared in this chart). (b) The votes of the answers to question 4:
In our every life, the intensity of sound doesn’t change drastically when the sound source is moving within a short
distance, say 100 mm. However, in our experiment we exaggerated this effect. Thus you perceived an obvious
difference between the two markers when they were placed in a relative small different depth. Do you feel
unintuitive that the depth scale of 3D sound in this experiment has been exaggerated?

on the visual modality, enhancing spatial awareness, and directing attention to important
spatial events In our research system, we extend the benefits in this experiment by:

1. helping to localize an object in AR environment when the visual modality is
weakened;

2. enhancing the feeling of human collaboration;

3. directing attention to different spatial objects or helping user to identify different spatial
objects.
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when the player walks away from the castle. An exaggeration of the intensity difference
described in Section 2 was undertaken here as well. Furthermore, it should be noted, when
the player rotates her head or body, she can perceive that the sound source is also moving
relative to her movements. We updated the position and orientation of the head tracker
25 times per second which allows a quite smooth feeling of sound source movement.

After the castle is found, players move to the second stage. They battle with a virtual
witch who has captured the princess. The virtual witch is augmented in the physical world
and is hovering in the experimental region. Players can move freely in the physical space
to get the best shooting angle and position. They need to reload or transfer their bullets by
putting their wands together which encourages the collaboration in the game, as shown in
first two frames of Fig. 10. Apart from the sounds used in stage one, we applied the other
two 3D sounds, the cry of witch when it is hit and the explosion sound when it is exploded
after being shot for 10 times. ‘

After destroying the witch, the players can fly into the virtual scene and rescue the
princess from the castle. This enables a seamless transition from AR environment to VR
environment. After the user flies into the virtual scene, she enters a virtual environment in
which players can use joystick on the wand to move around, while they can turn over their
head or body to change the direction of viewpoint. In this stage we still keep the princess’s
cry ‘help’ but we change the sound of co-player from a buzz of engine into a footstep
sound. Both of the players can be either in AR or VR mode and can continuously be aware
of each other by both vision and sound. Fig. 11 shows the views in this stage.

To examine the impact of 3D sound on task completion time and subjective feelings in
this AR environment, 3D sounds were applied in this experimental game. Their functions
are summarized as follows:

1. Players’ sounds: A constant buzz sound is applied to the co-player’s airplane when the
users are exploring the augmented land. Since the plane is attached to the wand, the 3D
positions can be easily obtained from the tracker in the wand. By applying this sound,
the user can always hear where is the location of the co-player, even when the co-player
is not visually in the scene. She can still roughly tell to what direction is her co-player
located and whether the co-player is getting closer or further to her. This buzzing sound
is changed into a footstep sound when the co-player enters the VR environment. The
different sound gives the hint of whether the co-player is in the AR or VR environment
as well.

2. Human voice: A constant human voice ‘Help! Help!” is applied to the princess which is
the target of the searching task. This sound helps the player to turn and face to the
correct direction and walk to the correct location where she can see the princess through
the small window.

3. Entertainment sounds: To make the game more entertaining, we also applied other
sound effects. A shooting sound is played when user press the shooting button on the
wand. A scream sound and an explosion sound were played when the witch is
destroyed. A landing sound of engine is played when the user transits from AR
environment to VR environment. A female voice saying ‘congratulations’ and some
greeting words was played when the user finished her mission-find the princess and
rescue her.
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3. “You can tell where the collaborator is positioned, or to know the surrounding objects in
the AR environment.’

4. ‘The feeling is closer to real world and 3D sound helps to navigate.’

‘I can hear and judge distance from the object producing the sound.’

b

From these responses, we can find that 3D sound does play an important role
complementing the visual AR environment. Although this result seems to be natural since
the same conclusion has been drawn in virtual reality environment (VRE), it proves that
this conclusion is still tenable in AR environment when the implementation method has
been changed and especially when the interfaces preserve our social interactions which are
weak in VR.

There were also negative comments. One subject suggested that there should be more
background sound like noises to make it more realistic. The subject said, “The sound field
is too quiet to be realistic.” In fact, this is consistent with the argument given by Begault
(Begault, 1994): “Even with non-spatial cues, one can tell something about the distance of
different sounds and their context, ..., but the inclusion of 3-D sound techniques and spatial
reverberation cues can greatly increase the immersiveness of a simulation, as well as the
overall quality and the available nuance in representing different environmental contexts”.

The important result we obtained from the responses to question two is that 3D sound
improves the feeling of ‘human presence and collaboration’ when the subject is
performing this experimental task. In this question, 39 of 40 subjects answered ‘yes’.
Some of the comments were:

‘At least I can find whoever it is.’

“The sound constantly reminds us of the presence of the collaborator.’

‘Yes, like someone is actually in the world with you.’

‘It is really interesting that you can turn to face him when the clop-clop is getting closer
to you in your back.’

L=

One interesting comment was that ‘I can know whether he is still in the airplane or has
landed down and walking around’ (which meant that the user could know if the other
player was in AR or VR modes). This is actually one function of sound which is serving as
an auditory icon (Gaver, 1986). A good negative comment suggested that ‘it can be
improved by adding speech communication, because a running motor does not sound very
human, so it is like an object somewhat’.

Apart from applying 3D sound to the collaborator, we also applied 3D sound to the
princess who is the target of the task. The responses to question three suggest that 3D
sound, when applied to different spatial objects (information signals) in AR environment,
can help the user to identify different information carriers. In our experiment 36 subjects
claimed that they can constantly be aware of both the other collaborator and the princess
simultaneously. This result suggests that by introducing more than one 3D virtual source
sources in AR environment, it is possible for the users to identify different meanings of
them and to distinguish them by the localization of the sound sources. As one subject
described, ‘yes, very much so. For instance, if the collaborator sounds from the left
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earpiece and princess cries are heard at right earpiece, the directional news determines the
positions of the collaborator and princess.’

However, one valuable criticism complained that ‘the volume differs when you are far
but when you are near I could not hear a difference especially in terms of direction’, the
other one complained that ‘the sound sometimes seemed to be coming from all directions
and I was uncertain whether to turn left/right, only when I was close did the volume
increase, but in a jump, not gradually’. These comments points out the drawbacks of our
exaggeration process of 3D sound intensity in this AR environment and also to some
extend support the results of Brungart (Brungart and Rabinowitz, 1999; Brungart, 1999).
We designed the auditory environment so that when the user becomes closer to the virtual
sound source in the three by three meters region, the 3D sound intensity is exaggerated.
This will be maximum intensity when the user is at the position of the virtual sound
sources (distance to the object is zero). In this case, the binaural cues play a very important
role for distance and direction perceptions. Because of the closeness to the object when
near zero, even a slight movement of the user may cause a totally opposite feeling of the
source direction (from left to right). When the movement is very fast, the intensity and
sound direction may change rapidly. This problem can be partly solved by designing a
better sound-scape. However the situation when the user is overlaid on the sound source is
still a difficult problem unless we apply some physical constraints on the user’s sound near
to virtual sound sources.

Chart (a) and (b) in Fig. 13 shows the subjects’ responses to question four and question
five, respectively. We can see from chart (a) that nine of 40 subjects claimed that they were
‘always’ be aware of co-players while five subjects claimed ‘very often’ and 18 claimed
‘often’. This leads to the improvement to the feeling of collaboration. A total of 39
subjects agreed that 3D sound did increase their feeling of collaboration from the result of
question two.

To examine the importance of 3D sound among all cues, subjects were required to choose
the cues they thought to have helped them and to order them by the importance. 3D sound
cues obtained the highest votes (36 votes) among all the cues. Move importantly, a total of
14 subjects regarded 3D sound cues as the most important cue while ‘small talk’ and ‘vision
cues’ only obtained five and four votes respectively. This result suggests that 3D sound does
play a very important role in improving the subject’s feeling of collaboration. It could even
dominate among all possible cues in AR environment, especially when other cues are
restrained by hardware settings, for example, angle of view is restrained by HMD in
common AR system. In this situation, the visual cues are restrained due to the narrow
viewpoint of HMD, and hence their effects on collaboration are limited. On the contrary, the
3D sound can be generated from any points in the AR space. When 3D sound is applied to the
user and given different meaning at different situations, it can play the most important role to
help the user’s feeling of ‘human presence and collaboration’.

5. Conclusions

The purpose of this work is to investigate the effectiveness of 3D sound in AR
environments We designed two experimental AR environments to study the effectiveness
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that it is still ‘intuitive’. These methods to implement 3D sound in relative small AR
environments provide a necessary foundation for the incorporation of 3D sound with
visual AR environments.

However, our studies beg many additional questions. For example, how to set the
intensity scale so that it can maximize 3D sound’s ability to tell depth and meanwhile
preserve realistic perception for users? Moreover, as reported, for distance perception not
only the intensity but also a much stronger cue, the ratio of the energies of direct and
reflected sound is of importance (Middlebrooks and Green, 1991; Bronkhorst and
Houtgast, 1999). How will this ratio affect the depth perception in AAR? If the cues of
background and drastic head movements are allowed, to what extend will 3D sound be
effective to help depth judgment, comparing to other visual cues? When the binaural
localization cues for nearby sources (Brungart and Rabinowitz, 1999; Brungart, 1999) are
taken into account, how to design the sound-scape to ‘display’ the 3D sound correctly and
intuitively when the user is very close to or even right overlapped on the sound source?

Although many questions remain unanswered, our studies show that the addition of 3D
sound can be a very effective way to complement the user experiences in AR
environments. It helps depth perception, task performance and facilitates collaborations
between users. Moreover, it enables a more realistic environment and more immersive
feeling of being inside a both visual and auditory augmented reality world.
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022 |y 1873-7951

030 |a INTCEE

035 |a (WaSeSS)ejrnlssj0o07784

035 |]a (RLIN)MIUG91-52868

035 |a (0CoLC)20745502 |@ http://www.worldcat.org/oclc/20745502

035 |a (0CoLC)ocm20745502 |0 http://www.worldcat.org/oclc/20745502

035 |a (SFX)954925575987

040 |a DLC |c DLC |d WaU |d DLC |d NSDP |d NST |d OUCA |d CStRLIN |d MiU
042 |]a lc |a nsdp

050 © ©  |a QA76.9.H85 |b I59

210 0 |a Interact. comput.

222 0 |a Interacting with computers

245 0 0 |a Interacting with computers.

260 |a Guildford, Surrey : |b Butterworths, |c c1989-
300 |la v. ; |c 25 cm.

310 |a Bimonthly, |b <1999-—>

321 |a Three times a year, |b 1989-

362 0 |]a Vol. 1, no. 1 (Apr. 1989)-

500 |a Title from cover.

530 |a Issued in print and online.

538 |a Electronic mode of access: World Wide Web.

550 |a Issued by: British Computer Society, Human Computer Interaction

Specialist Group.

650 0 |a Human-computer interaction |v Periodicals.
|0 http://id.loc.gov/authorities/subjects/sh2008122005

710 2 |a ScienceDirect (Online service) |9 WaSeSS
|0 http://id.loc.gov/authorities/names/no00037061
|0 http://viaf.org/viaf/sourceID/LC|no0@0@37061
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50f7

710

710

856

856

997

998

998

958

958

959

995

BIB

E56

E56

|a Oxford Journals (Firm) |9 WaSeSS
|0 http://id.loc.gov/authorities/names/nb2007012278
|0 http://viaf.org/viaf/sourceID/LC|nb2007012278

|a British Computer Society.

|b Human Computer Interaction Specialist Group.
|0 http://id.loc.gov/authorities/names/n85180782
|0 http://viaf.org/viaf/sourceID/LC|n85180782

|3 03/01/1996 -

|z Access to the Oxford Journals (Firm) online version restricted;
authentication may be required:

|u https://academic.oup.com/iwc |9 WaSeSS

|3 04/01/1989 - 11/01/2012

|z Access to the ScienceDirect (Online service) online version restricted;
authentication may be required:

|u https://www.sciencedirect.com/science/journal/@09535438 |9 WaSeSS

|a MARS

|c sersolserial-dld ERLoad20160225merge
|c SC9 |s 9110

|a MiU

|a MiFliC

|]a (notis)ULAMY6932

|a 20

|u 2021-08-17 12:10:40 US/Eastern |c 2021-06-21 07:47:31 US/Eastern
|s false

|1 ELEC |t static

|u https://na04.alma.exlibrisgroup.com/view/uresolver/@1UMICH_INST
/openurl?u.ignore_date_coverage=true&portfolio_pid=531007563000006381&
Force_direct=true

|a 2021-06-23 20:02:46

|v https://umich.alma.exlibrisgroup.com/view/uresolver/@1UMICH_INST
/openur?&rfr_id=info:sid/primo.exlibrisgroup.com&
svc_dat=CT0?u.ignore_date_coverage=true?u.ignore_date_coverage=true&
rft.mms_id=990024764370106381

|z Access to the ScienceDirect (Online service) online version restricted;
authentication may be required:

|q true |s Available |8 531007563000006381

|1 ELEC |t static

|u https://na@4.alma.exlibrisgroup.com/view/uresolver/@1UMICH_INST
/openurl?u.ignore_date_coverage=true&portfolio_pid=531007563020006381&
Force_direct=true

|a 2021-06-23 20:02:46
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60f7

852 0

866 3 2

866 3 2

974

974

974

974

974

974

974

974

974

974

|v

https://umich.alma.exlibrisgroup.com/view/uresolver/@1UMICH_INST

/openur?&rfr_id=info:sid/primo.exlibrisgroup.com&
svc_dat=CT0?u.ignore_date_coverage=true?u.ignore_date_coverage=true&
rft.mms_id=990024764370106381

|z

Access to the Oxford Journals (Firm) online version restricted;

authentication may be required:

lq

|b

true |s Available |8 531007563020006381

OFFS |a MiU |c STATE |h QA 76.9 .H85 I591 |8 22796218950006381
2-20:1 |8 22796218950006381

1990-2008 |8 22796218950006381

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015040316922 |e STATE
23796218890006381 |z v.9 1997/1998 |p 01
1998-07-24 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSBD |a 39015049156295 |e STATE
23796218780006381 |z v.19 2007 |p 01 |r 2007-02-09 05:59:00 US/Eastern
QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015049155958 |e STATE
23796218790006381 |z v.20 no.1l 2008 |p 01
2008-02-05 ©5:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015036236266 |e STATE
23796218920006381 |z v.6 1994 |p 01 |r 1996-12-24 ©5:59:00 US/Eastern
QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015058319420 |e STATE
23796218830006381 |z v.15 2003 |p 01 |r 2004-08-03 06:59:00 US/Eastern
QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015047940203 |e STATE
23796218840006381 |z v.14 2001/2002 |p 01
2003-09-19 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSBD |a 39015065056999 |e STATE
23796218810006381 |z v.17 2005 |p 01 |r 2005-01-19 05:59:00 US/Eastern
QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015048289519 |e STATE
mdp.39015048289519 ic 20170831 |7 23796218850006381 |z v.13 2000/2001
01 |r 2002-05-30 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS
OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015058884407 |e STATE
mdp.39015058884407 ic 20170831 |7 23796218820006381 |z v.16 2004 |p 01
2004-09-08 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381 |f 1 |c STATE |m ISSUE |a 39015048120706 |e STATE
23796218870006381 |z v.11 1998/1999 |p 01
2000-03-15 ©05:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS
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974

974

974

974

974

974

974

22796218950006381
23796218800006381
QA 76.9 .H85 I591

22796218950006381
23796218860006381

[f 1 |c STATE |m ISSBD |a 39015065058698 |e STATE
|z v.18 2006 |p 01 |r 2006-03-06 ©5:59:00 US/Eastern
|d OFFS |b OFFS

|f 1 |c STATE |m ISSUE |a 39015047806610 |e STATE
|z v.12 1999/2000 |p 01

2001-06-13 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381
23796218880006381
QA 76.9 .H85 I591

22796218950006381
23796218900006381
QA 76.9 .H85 I591

22796218950006381
23796218910006381
QA 76.9 .H85 I591

22796218950006381
23796218940006381

|f 1 |c STATE |m ISSUE |a 39015048106986 |e STATE
|z v.10 1998 |p 01 |r 1999-10-15 06:59:00 US/Eastern
|d OFFS |b OFFS

|f 1 |c STATE |m ISSUE |a 39015040317144 |e STATE
|z v.8 1996 |p 01 |r 1998-07-24 06:59:00 US/Eastern
|d OFFS |b OFFS

|f 1 |c STATE |m ISSUE |a 39015036236274 |e STATE
|z v.7 1995 |p @1 |r 1996-12-24 ©5:59:00 US/Eastern
|d OFFS |b OFFS

|f 1 |c STATE |m ISSUE |a 39015023316626 |e STATE
|z v.2-3 1990-1991 |p 01

1992-08-06 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

22796218950006381
23796218930006381

|f 1 |c STATE |m ISSUE |a 39015028292855 |e STATE
|z v.4-5 1992-1993 |p 01

1994-06-23 06:59:00 US/Eastern |h QA 76.9 .H85 I591 |d OFFS |b OFFS

Give feedback about this page [4

70of7

Home

Accessibility

Tips for Using Library Search

Get research help

About Library Search

Make an I.L.L. Request
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APPENDIX 1011F
Citations to Zhou

Source Document

Zhou, Z., Cheok, A. D., Yang, X., & Qiu, Y., (2004, October), An experimental
study on the role of software synthesized 3D sound in augmented reality
environments, Interacting with Computers, vol. 16, issue 5, pp. 989-1016.

Citations to Zhou, 2006-2010 (in chronological order)

Cunningham, S., Grout, V., & Hebblewhite, R. (2006, October). Computer game
audio: the unappreciated scholar of the half-life generation. Audio-Mostly
2006, pp. 9-14.

Burke, J. L., Prewett, M. S., Gray, A. A., Yang, L., Stilson, F. R., Coovert, M.
D., ... & Redden, E. (2006, November). Comparing the effects of visual-
auditory and visual-tactile feedback on user performance: a meta-analysis.
In Proceedings of the 8th international conference on Multimodal
interfaces (pp. 108-117).

Mariette, N. (2006, November). A novel sound localization experiment for mobile
audio augmented reality applications. In International Conference on
Artificial Reality and Telexistence (pp. 132-142). Springer, Berlin,
Heidelberg.

Anastassova, M. (2006, December). L'analyse ergonomique des besoins en amont
de la conception de technologies émergente: le cas de la Réalité Augmentée
pour la formation a la maintenance automobile (Doctoral dissertation,
Université René Descartes-Paris V).

Segovia, K. Y., Bailenson, J. N., & Monin, B. (2010, May). Morality in tele-
immersive environments. In 2nd International ICST Conference on
Immersive Telecommunications.

Yu, L. C., Hsia, H. P, Yi, L. J., & Chia, L. H. (2010, June). Study on Augmented
Reality as a Teaching Aid for Handicapped Children. In Advanced
Measurement and Test—Proceedings of 2010 International Conference on
Advanced Measurement and Test (AMT 2010).
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Library of Congress >> MARC >> Understanding MARC

MARC 21 Reference Materials

Part VII: A Summary of Commonly Used MARC 21 Fields
Part VIII: A List of Other Fields Often Seen in MARC Records
Part 1X: The Leader

Part X: Field 008 for Books

Part VII:

A Summary of
Commonly Used MARC 21 Fields

This is a summary of the MARC 21 tags used most frequently by libraries in
entering their own bibliographic records. For full listings of all MARC 21 tags,
indicators, and subfield codes, see MARC 21 Format for Bibliographic Data.

In the explanations on these pages:

Tags -- The tags (3-digit numbers) are followed by the names of the fields they represent.
In this summary, and in the MARC 21 Format for Bibliographic Data, if a tag can appear
more than once in one bibliographic record, it is labeled repeatable (R). If it can only be
used once, it is labeled non-repeatable (NR). For example, a catalog record can have
several subjects, so the tags for subject added entries (6XX) are labeled repeatable (R).

Indicators -- The use of indicators is explained in fields where they are used. Indicators
are one-digit numbers. Beginning with the 010 field, in every field -- following the tag --
are two character positions, one for Indicator 1 and one for Indicator 2. The indicators are
not actually defined in all fields, however. And it is possible that a 2nd indicator will be
used, while the 1st indicator remains undefined (or vice versa). When an indicator is
undefined, the character position will be represented by the character # (for blank space).

Subfield codes -- All the data in each field (beginning with the 010 field) is divided into
subfields, each of which is preceded by a delimiter-subfield code combination. The most
common subfield codes used with each tag are shown. Each subfield code is preceded by
the character $, signifying a delimiter. The name of the subfield follows the code.

In general, every field MUST have a subfield a' ($a). One exception that is often seen is
in Field 020 (ISBN), when the ISBN information (subfield $a) is unavailable but the
price (subfield $c) is known. Some subfields are repeatable. In this summary,
repeatability is noted for only the more common repeatable subfields.

Examples: Examples follow the explanation for each field. For clarity, one space has

https://www.loc.gov/marc/umb/um07to10.html Page 1 of 19
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been placed between the tag and the first indicator, one space has been placed between
the second indicator and the first delimiter- subfield code, and one space has been
inserted between the delimiter-subfield code and the subfield data.

010 Library of Congress Control Number -- (LCCN)
(NR, or Not Repeatable

Indicators undefined.
Subfield used most often:
$a -- Library of Congress control number

Exanpl e: 010 ## $a ###86000988#

020 International Standard Book Number -- (ISBN)
(R, or Repeatable)

Indicators undefined.

Subfields used most often:
$a -- International Standard Book Number
$c -- Terms of availability (often a price)
$z -- Cancelled/invalid ISBN (R)

Exanpl e: 020 ## $a 0877547637

040 Cataloging source -- (NR)

Indicators undefined.

Subfields used most often:
$a -- Original cataloging agency
$c -- Transcribing agency
$d -- Modifying agency (R)

Exanpl e: 040 ## $a DLC
$c DLC
$d gwhs

100 Main entry -- Personal name -- (primary author)
(NR; there can be only one main entry)

https://www.loc.gov/marc/umb/um07to10.html Page 2 of 19
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Indicator 1: Type of personal name entry element

0 -- Forename

1 -- Surname (this is the most common form)

3 -- Family name
Indicator 2 undefined.

Indicator 2 became obsolete in 1990. Older records may display 0 or 1
Subfields used most often:

$a -- Personal name

$b -- Numeration

$c -- Titles and other words associated with a name (R)

$q -- Fuller form of name

$d -- Dates associated with a name (generally, year of birth)

Exanpl e: 100 1# $a Gregory, Ruth W
$q (Ruth W1 hel ne),
$d 1910-

130 Main entry -- Uniform title -- (NR)

Indicator 1: Nonfiling characters
0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)
Indicator 2 undefined.
Indicator 2 became obsolete in 1990. (See 100 above.)
Subfields used most often:
$a -- Uniform title
$p -- Name of part/section of a work (R)
$l -- Language of a work
$s -- Version
$f -- Date of a work

Exanpl e: 130 O# $a Bible.
$p O T.
$p Psal ns.

240 Uniform title (NR)

Indicator 1: Uniform title printed or displayed
0 -- Not printed or displayed
1 -- Printed or displayed (most common)
Indicator 2: Nonfiling characters

https://www.loc.gov/marc/umb/um07to10.html Page 3 of 19
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0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)
Subfields used most often:
$a -- Uniform title
$l -- Language of a work
$f -- Date of a work

Exanpl e: 240 10 %$a Il e nystérieuse.
$I English.
$f 1978

245 Title Statement (NR)
Indicator 1: Title added entry
(Should the title be indexed as a title added entry?)
0 -- No title added entry
(indicates a title main entry; i.e. no author is given)
1 -- Title added entry

(the proper indicator when an author given in 1XX; the most common
situation)

Indicator 2: Nonfiling characters
0-9 -- Number of nonfiling characters present, including spaces; usually set at
zero, except when the title begins with an article; e.g., for The robe, the
second indicator would be set to 4. The letters T, h, e, and the space
following them are then ignored in alphabetizing titles. The record will
be automatically filed under "r" -- for Robe.
Subfields used most often:
$a-- Title proper
$h --  Medium (often used for non-book media)
$p -- Name of part/section of a work (R)
$b -- Reminder of title (subtitles, etc.)
$c -- Remainder of title page transcription/Statement of responsibility

Exanpl e: 245 14 $a The DNA story :
$b a docunentary history of gene
cloning /
$c Janes D. Watson, John Tooze.

246 Varying form of title (R)

https://www.loc.gov/marc/umb/um07to10.html Page 4 of 19
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Indicator 1: Note/title added entry controller
1 -- Note, title added entry
3 -- No note, title added entry
Indicator 2: Type of title
# -- No information provided
0 -- Portion of title
1 -- Parallel title
4 -- Cover title
8 -- Spine title
Subfield used most often:
$a -- Title proper

Exanpl e: 246 3# $a Four corners power review

250 Edition statement (NR)

Indicators undefined.
Subfield used most often:
$a -- Edition statement

Exanpl e: 250 ## $a 6th ed.

260 Publication, distribution, etc. (Imprint) (R)

Indicator 1: Sequence of publishing statements
# -- No information provided

Indicator 2: Undefined

Subfields used most often:
$a -- Place of publication, distribution, etc. (R)
$b -- Name of publisher, distributor, etc. (R)
$c -- Date of publication, distribution, etc. (R)

Exanpl e: 260 ## $a New York :
$b Chel sea House,
$c 1986.

300 Physical description (R)

https://www.loc.gov/marc/umb/um07to10.html Page 5 of 19
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Indicators undefined.
Subfields used most often:
$a -- Extent (number of pages) (R)
$b -- Other physical details (usually illustration information)
$c -- Dimensions (cm.) (R)
$e -- Accompanying material (for example, "teacher's guide" or "manual™)

Exanpl e: 300 ## $a 139 p.
$bill. ;
$c 24 cm

440 Series statement / Added entry--Title

This field was made obsolete in 2008 to simplify the series statement. See 490 and
830.

490 Series statement (No added entry is traced from field) (R)

Indicator 1: Specifies whether series is traced (whether an 8XX tag is also present)
0 -- Series not traced
1 -- Series traced (8XX is in record)
Indicator 2 undefined.
Subfield used most often:
$a -- Series statement (R)
$v -- Volume number (R)

Exanpl e: 490 1# $a Col oni al American craftsnen

500 General note (R)

Indicators undefined.

Subfield used most often:
$a -- General note (Used when no specialized note field has been defined for
the information. Examples: Notes regarding the index; the source of the title;
variations in title; descriptions of the nature, form, or scope of the item.)

Exanpl e: 500 ## $a Includes index.

504 Bibliography, etc. note (R)

https://www.loc.gov/marc/umb/um07to10.html Page 6 of 19
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Indicators undefined.
Subfield used most often:
$a -- Bibliography, etc. note

Exanpl e: 504 ## $a I ncludes bibliographical
ref erences.

505 Formatted contents note (R)

Indicator 1: Type of contents note
0 -- Complete contents
1 -- Incomplete contents (used with multivolume set when some volumes are
not yet published)
2 -- Partial contents
Indicator 2: Level of content designation
# -- Basic
Subfield used most often:
$a -- Formatted contents note

Exanpl e: 505 O# $a Pride and prejudice -- Emm
-- Nort hanger Abbey.

520 Summary, etc. note (R)

Indicator 1: Display constant controller

# -- Summary

1 -- Review

2 -- Scope and content
3 -- Abstract

Indicator 2 undefined

Subfields used most often
$a -- Summary, abstract, or annotation
$b -- Expansion of summary note

Exanpl e: 520 ## $a This basic guide to parlianentary
procedure tells how to conduct
and participate in a neeting

properly.

https://www.loc.gov/marc/umb/um07to10.html Page 7 of 19
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600 Subject added entry -- Personal name (R)

Indicator 1: Type of personal name entry element
0 -- Forename
1 -- Surname (this is the most common form)
3 -- Family name
Indicator 2: Subject heading system/thesaurus (identifies the specific list or file
which was used)
0 -- Library of Congress Subject Headings
1 -- LC subject headings for children's literature
2 -- Medical Subject Headings
3 -- National Agricultural Library subject authority file
4 -- Source not specified
5 -- Canadian Subject Headings
6 -- Répertoire de vedettes-matiére
7 -- Source specified in subfield $2

(Note regarding Sears subject headings: The MARC 21 format does not provide an
assigned indicator for Sears subject headings. Therefore, an indicator of 7 is used, and the
MARC defined code "sears" is placed in subfield $2.)

Subfields used most often:
$a -- Personal name (surname and forename)
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)
$t -- Title of a work
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term (used with 2nd indicator of 7)

Exanpl e: 600 10 $a Shakespeare, WIliam
$d 1564- 1616
$x Conedi es
$x Stage history.

Exanpl e: 600 10 $a Shakespeare, WIliam
$d 1564- 1616
$x Know edge

https://www.loc.gov/marc/umb/um07to10.html Page 8 of 19
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$z Rone
$v Congr esses.

Notice that subfields $v, $x, and $z in the 600 field are repeatable. Subfields $v, $x, $y,
and $z do not have to be in alphabetical order. They will be in the order prescribed by the
instructions given by the subject heading system.

610 Subject added entry -- Corporate name (R)

Indicator 1:Type of corporate name entry element
0 -- Inverted name (not used with AACR?2)
1 -- Jurisdiction name
2 -- Name in direct order
Indicator 2: Subject heading system/thesaurus.
See indicator 2 under 600
Subfields used most often:
$a -- Corporate name or jurisdiction name as entry element
$b -- Subordinate unit (R)
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term (used with 2nd indicator of 7)

Exanpl e: 610 10 $a United States.
$b Arny Air Forces
$v Bi ogr aphy.

650 Subject added entry -- Topical term (Most subject headings fit here.) (R)

Indicator 1: Level of subject
# -- No information provided
Indicator 2: Subject heading system/thesaurus
(identifies the specific list or file which was used)
0 -- Library of Congress Subject Headings
1 -- LC subject headings for children's literature
2 -- Medical Subject Headings
3 -- National Agricultural Library subject authority file
4 -- Source not specified
5 -- Canadian Subject Headings
6 -- Répertoire de vedettes-matiére
7 -- Source specified in subfield $2
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Note regarding Sears subject headings: The MARC 21 format does not provide an
assigned indicator for Sears subject headings. Therefore, an indicator of 7 is used, and the
MARC defined code "sears" is placed in subfield $2.)

Subfields used most often:
$a -- Topical term
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term used with 2nd indicator of 7)

Exanpl e: 650 #0 $a Theater
$z United States
$v Bi ogr aphy
$v Dictionaries.

Notice that subfields $v, $x, and $z in the 650 field are repeatable. Subfields $v, $x, $y,
and $z do not have to be in alphabetical order. They will be in the order prescribed by the
instructions given by the subject heading system.

651 Subject added entry -- Geographic name (R)

Indicator 1: undefined.
Indicator 2: Subject heading system/thesaurus.
See indicator 2 under 600
Subfields used most often:
$a -- Geographic name
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term (used with 2nd indicator of 7)

Exanpl e: 651 #0 $a United States
$x History
$v Chronol ogy.

Notice that subfields $v, $x, and $z in the 651 field are repeatable. Subfields $v, $x, $y,
and $z do not have to be in alphabetical order. They will be in the order prescribed by the
instructions given by the subject heading system.
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700 Added entry -- Personal name (R)

Indicator 1: Type of personal name entry element
0 -- Forename
1 -- Surname (this is the most common form)
3 -- Family name
Indicator 2: Type of added entry
# -- No information provided (most common; co-authors, editors, etc.)
2 -- Analytical entry (The values for Indicator 2 changed in 1994 with
Format Integration, and older records may display additional values. An
analytical entry involves an author/title of an item contained in a work.)
Subfields used most often:
$a -- Personal name
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)
$e -- Relator term (such as ill.) (R)
$4 -- Relator code (R)

Exanpl e: 700 1# $a Bal dridge, Letitia.

710 Added entry -- Corporate name (R)

Indicator 1: Type of corporate name entry element
0 -- Inverted name (not used with AACR?2)
1 -- Jurisdiction name
2 -- Name in direct order

Indicator 2: Type of added entry.
See Indicator 2 under 700
# -- No information provided
2 -- Analytical entry

Subfields used most often:
$a -- Corporate name or jurisdiction name as entry element
$b -- Subordinate unit (R)

Exanpl e: 710 2# $a Sunburst Comuni cations (Firm

740 Added entry -- Uncontrolled related/analytical title (R)

Indicator 1: Nonfiling characters
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0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)

Indicator 2: Type of added entry. See Indicator 2 under 700
# -- No information provided
2 -- Analytical entry
(This field was redefined in 1994 with Format Integration. Prior to 1994, the
field was also used for variant titles, such as a different wording on a spine
title. In records created since Format Integration, those variant tiles appear in

a 246 field.)
Subfield used most often:
$a -- Title
Exanpl e: 740 02 $a Uncl e Vanya.

800 Series added entry -- Personal name (R)

Indicator 1: Type of personal name entry element
0 -- Forename
1 -- Surname
3 -- Family name
Indicator 2 undefined.
Subfields used most often:
$a -- Personal name
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)
$t -- Title of a work (the series)
$v -- Volume number

Exanpl e: 800 1# $a Fisher, Leonard Everett.
$t Col oni al Anerican craftsnen.

830 Series added entry -- Uniform title (R)

Indicator 1 undefined.

Indicator 2: Nonfiling characters
0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)

Subfield used most often:
$a -- Uniform title
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$v -- Volume number

Exanpl e: 830 #0 %$a Railroads of Anerica (Macm |l an)

[ Back to Top of Page]

Part VIII:

A List of Other Fields
Often Seen in MARC Records

001 Control number

003 Control number identifier

005 Date and time of latest transaction

006 Fixed-length data elements -- additional material characteristics

007 Physical description fixed field

008 Fixed length data elements (See Part X)

022 International Standard Serial Number (ISSN)

037 Source of acquisition

041 Language code

043 Geographic area code

050 Library of Congress call number

060 National Library of Medicine call number

082 Dewey Decimal classification number (the one recommended by the Library of
Congress; locally-assigned call numbers may appear elsewhere)

110 Main entry -- Corporate name (less frequent under AACR2 rules)

256 Computer file characteristics

263 Projected publication date
(indicates a CIP -- Cataloging in Publication -- record)

306 Playing time

508 Creation/production credits note

510 Citation/references note (review sources)

511 Participant or performer note

521 Target audience note (first indicator: 0 = reading grade level, 1 = interest age
level, 2 = interest grade level, 3 = special audience characteristics, 4 =
motivation interest level)

530 Additional physical form available note

538 System details note

586 Awards note

656 Index term -- Occupation

730  Added entry -- Uniform title

852 Location
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856 Electronic location and access
9XX  Reserved for local use. (They are used by vendors, systems, or individual
libraries to exchange additional data)

[ Back to Top of Page]

Part I X:

The Leader

There are 24 positions in the Leader, numbered from 00 to 23. For fuller explanation, see
the MARC 21 Format for Bibliographic Data.

00-04  Record length (calculated by the computer for each record)
05 Record status
increase in encoding level
corrected or revised
deleted
new
increase in encoding from prepublication (previous CIP)
of record
language material
printed music
manuscript music
cartographic material
manuscript cartographic material
projected medium
nonmusical sound recording
musical sound recording
2-dimensional nonprojectable graphic
computer file
kit
mixed materials
3-dimensional artifact or naturally occurring object
manuscript language material
iographic level
monographic component part
serial component part
collection
subunit
integrating resource
monograph/item
serial
e of control
no specified type
archival

4T S0 o

<

1 I e O e O 1 A A | Il_roD [ L | O

06

07 ib

W TooOoTY T TTTOgXTTQ RO OO

08 Ty

TR TS R TR [ TR TR TR

O FH
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09

10
11
12-16

17

18

19

20
21
22
23

Field 008 is used for Fixed Length Data Elements ("Fixed Field Codes"). There are 40

Character coding scheme

# = MARC-8

a = UCS/Unicode

Indicator count (always "2")

Subfield code count (always "2")

Base address of data (calculated by the computer for each
record)

Encoding level

full level

full level, material not examined
less-than-full level, material not examined
abbreviated level

core level

partial (preliminary) level

minimal level

prepublication level (CIP)

unknown

not applicable

escriptive cataloging form

non-1SBD

AACR2

ISBD

unknown

tipart resource record level

Not specified or not applicable

Set

Part with independent title

Part with dependent title

Length of the length-of-field portion (always "4")

ONC O~NUA~WN R #

u

o oo #zc-mlﬁ:

Length of the starting-character-position portion (always "5")
Length of the implementation-defined portion (always "0")

Undefined (always "0")

Part X:

Field 008 for Books

9/12/22, 4:19 PM

[ Back to Top of Page]

character positions in field 008, numbered from 00-39. Undefined positions must contain

either a blank (#) or a fill character (| ). Positions 00-17 and 35-39 are defined the same

way for all media.

The information shown here for positions 18-34 applies only to books. For explanation of
all the positions below and for positions 18-34 for other media, see the MARC 21 Format
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for Bibliographic Data.
Note that field 008 has no indicators or subfield codes.

00-05 Date entered on file (YYMMDD),

where Y=year, M=month, and D=day
06 Type of date/publication status:
= no dates given; B.C. date involved
detailed date
single known date/probable date
multiple dates
reprint/reissue date (Date 1) and original date (Date 2)
dates unknown
questionable date
publication date and copyright date
no attempt to code
07-10  Date 1/beginning date of publication
11-14  Date 2/ending date of publication

_’_"_QDWBU)('DO'

Date fields contain the year(s) of publication. The type of date(s) in these elements are
specified in fixed field element 06: Type of date/publication status. (For further details,
see the field 008 description in the MARC 21 Format for Bibliographic Data.)

15-17  Place of publication, production, or execution

For example:
pk# = Pakistan
cau = California (US)

(For a full list of codes used in these positions, see the MARC Code List for Countries.)

18-21

llustrations (up to 4 codes):
no illustrations
illustrations

maps

portraits

charts

plans

plates

music

facsimiles

coats of arms
genealogical tables
forms

samples

phonodisc, phonowire, etc.
photographs
illuminations

no attempt to code

—TOTD o3 TXTToDQ DO Q0 T H
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22 Target audience:

unknown or not specified
preschool

primary

pre-adolescent
adolescent

adult

specialized

general

juvenile

no attempt to code

of item:

none of the following
microfilm

microfiche
microopaque

large print

braille

regular print reproduction
electronic

no attempt to code
ature of contents (up to 4):
no specified nature of contents
abstracts/summaries
bibliographies (is one or contains one)
catalogs

dictionaries
encyclopedias
handbooks

legal articles

indexes

patent document
discographies
legislation

theses

surveys of literature
reviews

programmed texts
filmographies
directories

statistics

technical reports
standards/specifications
legal cases and notes
law reports and digests
treaties

no attempt to code

23

— v =S SO0 OO HTT QD OO T H

o
1 O A O | I T A 1| g L1 I 1 1 1 I 1 A 0

24-27

TNESE<CcCTUVWSTOTOS I TXTTQ TSRO0 T HZ
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28 Government publication
not a government publication
international intergovernmental
federal/national
autonomous or semi-autonomous component
state, provincial, territorial, dependent, etc.
multistate
multilocal
local
other type of government publication
government publication -- level undetermined
unknown if item is government publication
no attempt to code
onference publication:
not a conference publication
conference publication
no attempt to code
estschrift:

= not a festschrift

= festschrift

= no attempt to code

3V = H

29

—rhrOO—CON=—O

30

31 Index:
no index
index present
| = no attempt to code
32 Undefined (since 1990) (Earlier records may contain the values 0 or 1)
# = Undefined
| = no attempt to code
33 Literary form:
not fiction (not further specified)
fiction (not further specified)
comic strips
dramas
essays
novels
humor, satires, etc.
letters
short stories
mixed forms
poetry
speeches
unknown
no attempt to code
iography:
no biographical material
autobiography
individual biography

34

L I I I S 1 1 1 T 1 I 1 A 0

T HF W ST ZITTDTTHRO OO RO
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c
d

collective biography
contains biographical information
no attempt to code

35-37  Language:
A three-letter code. For example: eng fre ger spa rus ita

(For a full list of codes used in these positions, see the MARC Code List for Languages.)

38 Modified record:

#
X

39

—coofFOH—O0—-aow

atal

not modified

missing characters (because of characters unavailable in MARC character
set)

shortened

"dashed-on" information omitted

completely romanized/printed cards in script

completely romanized/printed cards romanized

no attempt to code

oging source:

national bibliographic agency
cooperative cataloging program
other sources

unknown

no attempt to code

[ Back to Top of Page]

[ Back to Table of Contents ] -- [ Continue to Part 11 ]

Library of Congress

Library of Congress Help Desk ( 10/27/2009 )
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