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ACOUSTICAL NEWS—USA

Elaine Moran
Acoustical Society of America, Suite INO1, 2 Huntington Quadrangle, Melville, NY 11747-4502

Editor’s Note: Readers of this journal are encouraged to submit news items on awards, appointments,
and other activities about themselves or their colleagues. Deadline dates for news items and notices are
2 months prior to publication.

New Fellows of the Acoustical Society of America

Kim C. Benjamin—For the development Robert L. Clark—For contributions to James P. Cottingham—For his work on
of underwater piezocomposite transducers. adaptive control of structural acoustic free-reed musical instruments.
systems.

C. Craig Formby—For contributions to temporal
processing in both normal and impaired human
audition.

J. Acoust. Soc. Am. 118 (4), October 2005 0001-4966/2005/118(4)/2091/5/$22.50 © 2005 Acoustical Society of America 2091



UNDIN

Minority Fellowship Awarded
to Bobby E. Gibbs

Bobby E. Gibbs, has been
selected the recipient of the
Acoustical Society of Ameri-
ca’s 2005 Graduate Fellowship
for Minorities. Mr. Gibbs is a
student at Rensselaer Polytech-
nic Institute School of Archi-
tecture in Troy, New York. He
received his B.S. at Howard
University and an M.M. degree
from Bowling Green State Uni-
versity. He is working toward a
M.S. degree at Rensselaer,
where he will return in the fall
to pursue his Ph.D.

The Acoustical Society of
America established the Minor-
ity Fellowship in 1992 with the goal of supporting minority students in their
pursuit of graduate-level degrees in acoustics. The scholarship is awarded
for one year in odd numbered years and may be renewed. Recipients have
been: Brian Scott, 1993; J. Sean Allan, 1997; Guillermo E. Aldana, 1999,
Vernecia S. McKay 2001, David T. Bradley, 2002; and Gaylon C. Hollis,
2003.

For further information about the fellowship contact the Acoustical
Society of America, Suite 1NOI, 2 Huntington Quadrangle, Melville, NY
11747-4502; Telephone: 516-576-2360; fax: 516-576-2377; e-mail:
asa@aip.org; web:http://asa.aip.org

Jelena Krivokapic Selected Recipient of the
2005 Stetson Award

ASA  member  Jelena
Krivokapic was selected the re-
cipient of the 2005-06 Ray-
mond H. Stetson Scholarship in
Phonetics and Speech Produc-
tion. Ms. Krivokapic is a
graduate student in the Linguis-
tics Department at the Univer-
sity of Southern California
where she received an M.A. in
Linguistics in 2003. Her cur-
rent work is in examining the
nature of prosodic boundaries
with the main objective being
to illuminate how prosodic
structure is phonetically imple-
mented.

The Stetson Scholarship,
which was established in 1998, honors the memory of Professor Raymond
H. Stetson, a pioneer investigator in phonetics and speech science. Its pur-
pose is to facilitate the research efforts of promising graduate students and
postgraduates. The Scholarship includes a $3000 stipend for one academic
year. Past recipients have been Roger Steeve (1999), Elizabeth K. Johnson
(2000), Jeffery Jones (2001), Meena Agarwal (2002), and Cynthia Clopper
(2003).

Applications for the award are due in March each year. For further
information about the award, please contact the Acoustical Society of
America, Suite INOI, 2 Huntington Quadrangle, Melville, NY 11747-4502;
Telephone: 516-576-2360; fax: 516-576-2377; e-mail: asa@aip.org; Web:
http://asa.aip.org.

USA Meetings Calendar

Listed below is a summary of meetings related to acoustics to be held
in the U.S. in the near future. The month/year notation refers to the issue in
which a complete meeting announcement appeared.

2092 J. Acoust. Soc. Am., Vol. 118, No. 4, October 2005

2006
9-12 February  46th Annual Convention, Illinois Speech-Language-
Hearing Association, Rosemont, IL [ISHA, 230 E. Ohio
St., Suite 400, Chicago, IL 60611-3265; Tel.:
312-644-0828; Fax: 315-644-8557; Web:
www.aishil.org].
31st Annual Conference, National Hearing Conservation
Association, Tampa, FL [NHCA, 7995 E. Prentice Ave.,
Suite 100 East, Greenwood Village, CO 80111-2710; Tel:
303-224-9022; Fax: 303-770-1614; E-mail:
nhca@gwami.com; Web: www.hearingconservation.org].
151st Meeting of the Acoustical Society of America,
Providence, Rhode Island [Acoustical Society of
America, Suite INOI, 2 Huntington Quadrangle,
Melville, NY 11747-4502; Tel.: 516-576-2360; Fax:
516-576-2377; E-mail: asa@aip.org; Web: http:/
asa.aip.org]. Deadline for receipt of abstracts: 24 January
2006.
INTERSPEECH 2006 (ICSLP 2006), Pittsburgh, PA
[www.interspeech2006.org ¢http:/
www.interspeech2006.0rg/)]
152nd Meeting of the Acoustical Society of America
joint with the Acoustical Society of Japan, Honolulu,
Hawaii [Acoustical Society of America, Suite INO1, 2
Huntington Quadrangle, Melville, NY 11747-4502; Tel.:
516-576-2360; Fax: 516-576-2377; E-mail: asa@aip.org;
WWW: http://asa.aip.org]. Deadline for receipt of
abstracts: 30 June 2006.

16-18
February

6-9 June

17-21
September

28 November—
2 December

2007
153rd Meeting of the Acoustical Society of America,
Salt Lake City, Utah [Acoustical Society of America,
Suite 1NOI1, 2 Huntington Quadrangle, Melville, NY
11747-4502; Tel.: 516-576-2360; Fax: 516-576-2377;
E-mail: asa@aip.org; WWW: http://asa.aip.org].
154th Meeting of the Acoustical Society of America,
New Orleans, Louisiana (note Tuesday through Saturday)
[Acoustical Society of America, Suite 1NO1, 2
Huntington Quadrangle, Melville, NY 11747-4502; Tel.:
516-576-2360; Fax: 516-576-2377; E-mail: asa@aip.org;
WWW: http://asa.aip.org].

2008
9th International Congress on Noise as a Public Health
Problem (Quintennial meeting of ICBEN, the
International Commission on Biological Effects of
Noise). Foxwoods Resort, Mashantucket, CT [Jerry V.
Tobias, ICBEN 9, Post Office Box 1609; Groton, CT
06340-1609, Tel: 860-572-0680; Web: www.icben.org;
E-mail icben2008 @att.net].

4-8 June

27 November—
2 December

28 July—
1 August

Cumulative Indexes to the Journal of the
Acoustical Society of America

Ordering information: Orders must be paid by check or money order in
U.S. funds drawn on a U.S. bank or by Mastercard, Visa, or American
Express credit cards. Send orders to Circulation and Fulfillment Division,
American Institute of Physics, Suite 1NOI, 2 Huntington Quadrangle,
Melville, NY 11747-4502; Tel.: 516-576-2270. Non-U.S. orders add $11 per
index.

Some indexes are out of print, as noted below.

Volumes 1-10, 1929-1938: JASA, and Contemporary Literature, 1937—
1939. Classified by subject and indexed by author. Pp. 131. Price: ASA
members $5; nonmembers $10.epepep.

Volumes 11-20, 1939-1948: JASA, Contemporary Literature and Patents.
Classified by subject and indexed by author and inventor. Pp. 395. Out of
print.

Volumes 21-30, 1949-1958: JASA, Contemporary Literature and Patents.
Classified by subject and indexed by author and inventor. Pp. 952. Price:
ASA members $20; nonmembers $75.

Volumes 31-35, 1959-1963: JASA, Contemporary Literature and Patents.
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Classified by subject and indexed by author and inventor. Pp. 1140. Price:
ASA members $20; nonmembers $90.

Volumes 36-44, 1964-1968: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 485. Out of print.

Volumes 36—44, 1964-1968:Contemporary Literature. Classified by sub-
ject and indexed by author. Pp. 1060. Out of Print.

Volumes 45-54, 1969-1973: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 540. Price: $20 (paperbound); ASA
members $25 (clothbound); nonmembers $60 (clothbound).

Volumes 55-64, 1974-1978: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 816. Price: $20 (paperbound); ASA
members $25 (clothbound); nonmembers $60 (cloth bound).

Volumes 65-74, 1979-1983: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 624. Price: ASA members $25 (paper-
bound); nonmembers $75 (clothbound).

Volumes 75-84, 1984-1988: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 625. Price: ASA members $30 (paper-
bound); nonmembers $80 (clothbound).

Volumes 85-94, 1989-1993: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 736. Price: ASA members $30 (paper-
bound); nonmembers $80 (clothbound).

Volumes 95-104, 1994-1998: JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 632, Price: ASA members $40 (paper-
bound); nonmembers $90 (clothbound).

Volumes 105-114, 1999-2003: JASA and Patents. Classified by subject
and indexed by author and inventor. Pp. 616, Price: ASA members $50;
nonmembers $90 (paperbound).

REVISION LIST

New Associates

Bird, Michael T., 2636 Worden St., Unit 128, San Diego, CA 92110

Bogomolov, Elizabeth, The Greenbusch Group, 1900 West Nickerson St.,
Seattle, WA 98119

Buma, Corjan, ACI Acoustical Consultants Inc., 107, 9920 63rd Ave., Ed-
monton AB T6E 0G9 Canada

Carey, Anne L., Faculty of Engineering, Sci. and Built Eng., London South
Bank Univ., 103 Borough Rd., Soothwark, London SE1 0AA, U.K.

Cavuto, Silvio, via San Geminiano, 5, Albinea, RE 1-42020 Italy

Cipolla, Jeffrey L., Applications Development, Abaqus, Inc., 166 Valley St.,
Providence, RI 02909

Clukey, Jeffrey W., Charles M. Salter Associates, Inc., 325 South First St.,
Ste. 160, San Jose, CA 95113

Davis, Steven A., Lewis Goodfriend & Associates, 760 Route 10 West,
Whippany, NJ 07981-1159

DeStephen, Anthony, 27716 Mt. Pleasant Rd., Columbus, NJ 08022

Dolman, Sarah J., WDCS, 28 St. Paul St., Chippenham, Wiltshire, SN15
1LJ, UK.

Faber, Benjamin, 3047 East Canyon Crest Dr., Spanish Fork, UT 84660

Figueroa, Juan M., Advanced Scientific Applications, Privada 31 Oriente
#2015, Puebla 72540, Mexico

Flood, Jane D., Physics Dept., Muhlenberg College, 2400 Chew St., Allen-
town, PA 18104

Gaddis, David J., SenSound, LLC, 221 Lewiston, Grosse Pointe Farms, MI
48236-3519

Galloway, Michael A., Northrop Grumman, Loads & Dynamics, 2000 West
NASA Blvd., MS 8454/H08-223, Melbourne, FL 32904

Ghering, Marcia J., Naval and Maritime Systems, Northrop Grumman Cor-
poration, P.O. Box 1488, MS 9910, Annapolis, MD 21404

Gough, Colin E., Physics and Astronomy, Univ. of Birmingham, P.O. Box
363, Birmingham B15 2TT, U.K.

Guldberg, Peter H., Tech. Environmental, Inc., 1601 Trapelo Rd., Waltham,
MA 02451

Ito, Mika, UCLA, Head and Neck Surgery, 31-24 Rehab Ctr., 1000 Veteran
Ave., Rm. 31-24, Los Angeles, CA 90095-1794

Jessop, Andrew M., Wilson, Thrig Associates, Inc., 5776 Broadway, Oak-
land, CA 94618

Jiang, Yongmin, Ctr. for Earth and Ocean Research, Univ. of Victoria,
E-Hutt 122, P.O. Box 3055, Victoria BC V8W 3P6, Canada

Jinhoi, Gu, Mechanical Engineering, Inha Univ., Yong Hyun 3-Dong, In-
cheon 402-751, South Korea
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John, Christoph A., BiJohnic, Erasmusstr. 2-8, Rottenburg D-72076, Ger-
many

Johnston, Peter J., AJAAC, HMAS Albatross, Nowra NSW 2540, Australia

Jones, David M., HFP Acoustical Consultants, Inc., 6001 Savoy Dr., Ste.
115, Houston, TX 77036

Juliusson, Halldor K., VST Ltd., Armuli 4, Reykjavik IS 108, Iceland

Koeppel, Robert J., Koeppel Communications, 767 West Omaha Ave., Clo-
vis, CA 93619

Leigh, Charlotte V., Applied Physics Lab., Univ. of Washington, Box
355640, Seattle, WA 98139

Leisses, Mary E., Envoy Medical, Audiology, 5301 East River Rd., Ste. 113,
Minneapolis, MN 55421

Madsen, Peter T., Caryn House #44, Woods Hole House 266, Woods Hole,
MA 02543

Martinez, Charles D., VA Greater LA Healthcare System, 11301 Wilshire
Blvd., Los Angeles, CA 90073

McBride, Ingrid K., Arizona State Univ., Dept. of Speech & Hearing Sci-
ence, P.O. Box 870102, Tempe, AZ 85287-0102

Mohan, William L., 336 Old Sutton Rd., Barrington, IL 60010

Moore, Elliot, Electrical and Computer Engineering, Georgia Inst. of Tech-
nology, 210 Technology Cir., Savannah, GA 31407-3039

Oh, Sunyoung, 2495 Van Horne, #4, Montreal QC H3S 1P4, Canada

Ohkawa, Keiichi, The Research Ctr., TRDI, JDA, 3-13-1 Nagase, Yokosuka,
Japan

Orlowski, Michael P., Alpine Vista Home Theaters, P.O. Box 8599, Breck-
enridge, CO 80424

Park, Seok Tae, Dept. of Acoustical Engineering, Juseong College, SATIC,
201-31, Choengju, Korea

Parthasarathi, Anand A., Bose Corporation, MS 15C, R&D Bldg., The
Mountain, Framingham, MA 01701

Picaut, Judicael, Section Acoustique Routiere dt Urbaine, Lab. Central des
Ponts et Chaussees, Route de Bouaye, BP 4129, 44341 Bouguenais, Ce-
dex, France

Rafaelof, Menachem, Seagate Technology, 389 Disc Dr., Longmont, CO
80503

Reaves, David P., Speckhorner Str. 215, Recklinghausen NRW 45659, Ger-
many

Reid, Ceri S., 31 Bruntsfield Ave., Edinburgh EH10 4EN, U.K.

Roads, Curtis B., Media Arts and Technology, Univ. of California, 3431
South Hall, Santa Barbara, CA 93106-6065

Robert, Jean-Luc FM., Philips Research, Healthcare & It, 345 Scarborough
Rd., Briarcliff Manor, NY 10510

Roh, Heui-Seol, 805 College Hill Rd., Apt. 6, Oxford, MS 38655

Rowan, Daniel, ISVR, Univ. of Southampton, University Rd., Southampton
SO17 1BJ, UK.

Schulley, Robert D., 3469 Oyster Bay Ave., Davis, CA 95616-5605

Scofano, Antonio, Aermacchi SPA, via Forosio 1, Venegono Sup., Varese
21040, Italy

Scott, David E., Devasco International, Inc., 9618 West Tidwell Rd., Hous-
ton, TX 77041

Shearer, John C., Wilson, Ihrig and Associates, Inc., 5776 Broadway, Oak-
land, CA 94618

Shouichi, Takane, Electronics and Information Systems, Akita Prefectural
Univ., 84-4 Ebinokuchi, Tsuchiya, Yurihonjo, Akita, Japan

Sutanto, Ron J., Pacific American Company, 3172 North Rainbow Blvd.,
Ste. 119, Las Vegas, NV 89108-5354

Sykes, David M., The Remington Group LP, 23 Buckingham St., Cam-
bridge, MA 02138

Symko, Orest G., Dept. of Physics, Univ. of Utah, 115 South 1400 East, Rm.
201, Salt Lake City, UT 84112-0830

Takaso, Hideki, Dept. of Communication Sciences and Disorders, North-
western Univ., 2249 Campus Dr., Evanston, IL 60208

Tomlinson, Gary E., 34 Cambria Dr., Bella Vista, AR 72715

Tougaard, Jakob, National Environmental Research Inst., Arctic Environ-
ment, 399 Frederikborgvej, P.O. Box 359, Roskilde, DK-4000, Denmark

Troyan, Joseph V., Electrical Engineering, Eckles Architecture, New Castle,
PA 16101

Wadsworth, Glenn J., National Security Technology Dept., The Johns Hop-
kins Univ., Applied Physics Lab., 11100 Johns Hopkins Rd., Laurel, MD
20723-6099

Walls, Chris P., 39 New Rd., Clanfield, Hampshire, PO8 ONR, U.K.
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Weber, Michael, MSW Consulting, 2023 ‘N’ St., Ste. 205, Sacramento, CA
95814

Wellington, James T., Systems Engineering, Sonic Innovations, 2795 East
Cottonwood Parkway, Ste. 660, Salt Lake City, UT 84121-7036

Wilkie, Zach B., SPL Control, Inc., 1400 Bishop St., Oakville ON NIR
6W8, Canada

Wolfe, Eric, 1521 NE 95th St., Seattle, WA 98115

Yasutaka, Ueda, Hazama Corp., 515-1 Nishimukai Karima, Tsukuba City,
Ibaraki 305-0822, Japan

Yeung, Maurice K.L., Flat F, 16/F, Block 2, Ronsdale Garden, 25, TA, Hang
Dr., Hong Kong

Yoshinobu, Kajikawa, Kansai Univ., Dept. of Electronics, Faculty of Engi-
neering, 3-3-35,Yamate-cho, Japan

New Students

Acikgoz, Serhan, Mechanical Engineering, Univ. of Illinois at Chicago, 847
West Taylor, ERF 2039, Chicago, IL 60607

Amiri, Hadi, No. 164, Shahran St., Tehran, 14788-53545, Iran

Atkins, Joshua D., Electrical Engineering, Johns Hopkins Univ., 3400 North
Charles St., Baltimore, MD 21218

Bader, Kenneth B., Physics, Grand Valley State Univ., 125 Padnos, One
Campus Dr., Allendale, MI 49401

Barroso, Celia, 3556 Maplewood Ave., Los Angeles, CA 90066

Belanger, Andrea J., Biological Sciences, Univ. of Windsor, 401 Sunset
Ave., Windsor, ON N9B 3P4, Canada

Bohm, Tamas M., 7 Fulkerson St., Apt. 3, Cambridge, MA 02141

Bollinger, Benjamin R., Thayer School of Engineering, Dartmouth College,
8000 Cummings Hall, Hanover, NH 03755

Boone, Andrew J., Brigham Young Univ., Mechanical Engineering, 435
CTB, Provo, UT 84602

Brown, Jason C., 79 West 17th Ave., Vancouver, BC V5Y 1Z5, Canada

Canney, Michael, Univ. of Washington, Bioengineering, 1013 NE 40th St.,
Seattle, WA 98105

Cardillo, Gina C., Speech and Hearing Sciences, 1417 NE 42nd St., Box
354875, Seattle, WA 98105

Carmignani, Dario, Via Quintino Sella 26, Busto Arsizio 21052, Italy

Carr, Suzanne P., Biomedical Engineering, Boston Univ., 44 Cummington
St., Boston, MA 02215

Chen, Hsuan-fang S., Graduate Inst. of Linguistics, National Taiwan Univ.,
1, Sec. 4, Roosevelt Rd., Taipei 106, Taiwan

Clark, Linde J., Graduate Program in Acoustics, Pennsylvania State Univ.,
P.O. Box 30, State College, PA 16804

Cornish, Jennifer L., 144 Ayrault Dr. (Upper), Amherst, NY 14228

Cosharek, Elizabeth, Graduate Program in Acoustics, Pennsylvania State
Univ., P.O. Box 30, State College, PA 16804

Costantino, Tony, Univ. of Notre Dame, Hessert Lab. for Aerospace Re-
search, Aerospace Engineering, Notre Dame, IN 46556

Crosby, Justin D., 1068 Westshire Place, NW, Atlanta, GA 30318

Escolano, Jose, Avenida Consititucion 49 2G, Novelda, Alicante E-03660,
Spain

Grandhi, Gangadhar, NCA & TSU, 1601 East Market St., Greensboro, NC
27411

Graybill, Justin, Univ. of Salford, Greater Manchester M5 4WT, UK

Greg, Okopal N., 146 Mayer Dr., Oakdale, PA 15071

Gregory, James W., 106 Sylvia St., West Lafayette, IN 47906-2925

Gridley, Teresa, Univ. of Aberdeen, Zoology, Lighthouse Field Station,
George St., Cromarty, Ross-shire IV11 8YJ, Great Britain

Hattori, Kota, 2615 Varsity Place, #1D, Honolulu, HI 96826

Ingle, Jennifer K., Linguistics, Univ. of Washington, Box 354340, Seattle,
WA 98195-4340

Israr, Ali, Mechanical Engineering, Purdue Univ., 465 Northwestern Ave.,
West Lafayette, IN 47907

Jensen, Carl R., NCPA, Univ. of Mississippi, | Coliseum Dr., University,
MS 38677

Jung, Ki Won, Graduate Program in Acoustics, Pennsylvania State Univ.,
P.O. Box 30, University Park, PA 16802

Kang, Kyoung-Ho, 2040 West 17th Ave., #2040, Eugene, OR 97402

Kim, Sungyoung, McGill Univ., Strathcona Music Building, Rm. E203, 555
Sherbrooke West, Montreal QC H3A 1E3, Canada

Kluk, Karolina, 134B Cherry Hinton Rd., Cambridge, CB1 7AJ, UK
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Konopka, Kenneth, Linguistics, Northwestern Univ., 2016 Sheridan Rd.,
Evanston, IL 60208

Kwon, Bo-Young, Linguistics, Michigan State Univ., A-614 Wells Hall, East
Lansing, MI 48824-1027

Lee, YoungHan, DIC 216, Gwangju Inst. of Sci. and Tech., 1 Oryong-dong,
Buk-gu, Jeollanam-do, Gwangju, 500 712, Korea

Link, Andreas, Lehrstuhl Fuer Technische Elektronik, Univ. of Erlangen,
Cauerstrasse 9, Erlangen 91058, Germany

Luangyvilai, Kritsakorn, Civil Engineering, Georgia Inst. of Technology, 790
Atlantic Dr., Atlanta, GA 30332

Mao, Xiaoan, School of Engineering, Univ. of Manchester, Goldstein Re-
search Lab., Liverpool Rd., Manchester, M30 7RU, Great Britain

Martin, Bryn A., Mechanical Engineering, Univ. of Illinois at Chicago, Rm.
2037 ERF , 842 West Taylor St., Chicago, IL 60607

Mathias, Delphine, 12 bis rue guichen, Brest 29200, France

Maxwell, Adam D., Ctr. for Industrial and Medical Ultrasound, Applied
Physics Lab., 1013 NE 40th St., Seattle, WA 98105

Mehta, Daryush, 70 Pacific St., Apt. 516, Cambridge, MA 02139

Meigh, Kimberly M., 1866 Jancey St., Pittsburgh, PA 15206

Melendez, Karla, Neuroscience, Univ. of Illinois Urbana-Champaign, 405
North Mathews Ave., Urbana, IL 61801

Michaud, Alexander P., 3831 Fenway Crossing, Marietta, GA 30062

Mirante, Nicole, 5-1208 Salsbury Dr., Vancouver, BC V5L 4B2, Canada

Monten, Fabian, Lyckans vag 52, Kristianstad 291-43, Sweden

Morrison, Geoffrey S., Dept. of Linguistics, Univ. of Alberta, 4-32 Assini-
boia Hall, Edmonton, AB T6G 2E7, Canada

Nadjm, Mahmood, 36 Brunel Close, Micheldever, Winchester, Hampshire,
SO21 3BX, U.K.

Namdaran, Nahal, 2070 Rufus Dr., North Vancouver, BC V7] 3P9, Canada

Nordstrom, Karl L., 4036 Cumberland Rd., Victoria BC, V8X 2E6, Canada

Olsen, Stephanie A., 2060 Frederick Norris Rd., Victoria, BC V8P 2B2,
Canada

Owns, Thomas, 5052 Cassia Dr., Pensacola, FL 32506

Philips, Scott M., Electrical Engineering, Univ. of Washington, Campus Box
352500, Seattle, WA 98195-2500

Prieto, Alvaro F., Aerospace Eng., Georgia Inst. of Technology, 270 Ferst
Dr., Atlanta, GA 30332-0150

Rife, David J., 114 South Elson, Apt. 2, Kirksville, MO 63501

Roxworthy, John S., Mechanical and Industrial Eng., Univ. of Illinois at
Chicago, 842 West Taylor St., Rm. 2039, Chicago, IL 60607

Ruvalcaba, Mario D., Garcia-BBM, cC/Madrid 2 Oficina 11, Colmenar
Viejo, Madrid 28770, Spain

Sandrich, Eric, Music Synthesis, Berklee College of Music, 150 Massachu-
setts Ave., Boston, MA 02215

Segnini, Rodrigo, Stanford Univ., CCRMA Music Dept., 660 Lomita Dr.,
Stanford, CA 94305

Sodagar, Sina, Mechanical Engineering, K.N. Toosi Univ. of Technology,
P.O. Box 16765-3381, Tehran, Iran

Terry, Sean D., 5506 West 128th Place, Crestwood, IL 60445

Thompson, James J., 1126 Salsbury Dr., Vancouver, BC V5L 4A8, Canada

Thomson, Ronald I., #222, 2327 119 St., Edmonton, AB T6J 4E2, Canada

Tsai, Kuen-Shian, Inst. of Biomedical Engineering, National Yang-Ming
Univ., No. 155 Li-Nong St., Sec. 2, Taipei, 112 Taiwan

Uglova, Nataliya, Usachova St. 62-515, Moscow 119048, Russia

Urban, Matthew W., Dept. of Physiology and Biomedical Eng., Mayo Clinic
and Foundation, 200 First St., SW, Rochester, MN 55905

Van Heukelem, Kristin J., Linguistics, Northwestern Univ., 2016 Sheridan
Rd., Evanston, IL 60208

Vogt, Florian, Electrical and Computer Engineering, Univ. of British Colum-
bia, 2356 Main Mall, Vancouver, BC V6T 1Z4, Canada

Wall, Bob, 222 Westridge Dr., Bozeman, MT 59715

Williams, Erica J., Speech and Hearing Science, Arizona State Univ., P.O.
Box 870102, Tempe, AZ 85281

Woolston, Scott R., Acoustics Research Group — BYU, Mechanical Engi-
neering, N283 ESC, Provo, UT 84604

Zhang, Yan, Georgia Inst. of Technology, 247 4th St., Atlanta, GA 30332

Zhang, Yuxuan, Northwestern Univ., Commun. Sciences & Disorders, 2240
North Campus Dr., Evanston, IL 60208
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New Electronic Associates

Abramson, Marianne, California State Univ., Bakersfield, Psychology, 9001
Stockdale Highway, Bakersfield, CA 93311-1022

Anraku, Kazuhiko, Faculty of Fisheries, Kagoshima Univ., 4-50-20 Shi-
moarata, Kagoshima 890-0056, Japan

Bernasconi, Giancarlo, Dip. Elettronica e Informazione, Politecnico di Mil-
ano, Piazza L. da Vinci 32, Milano 20133, Italy

Ceranna, Lars, Stillewect 2, Hannover 30655, Germany

Faller, Christof, EPFL/LCAYV, BC 366, Station 14, Laussane VD 1015, Swit-
zerland

Fuka, Mary Z., Colorado Physics Consultants, 1035 Pearl St., Boulder, CO
80302

Gamba, Jonah M., Denso IT Lab., Inc., Shibuya Prestige, 6th Floor, 3-12-22
Shibuya-Ku, Tokyo 150-0002, Japan

Gent, Robert J., Paediatric Ultrasound, Women’s and Children’s Hospital, 72
King William Rd., North Adelaide, Adelaide SA 5006 Australia

Grobaski, Thomas C., 1519 North Rolfe St., Arlington, VA 22209

Igarashi, Yosuke, RIKEN Brain Science Inst., Lab. for Language Develop-
ment, 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan

Jacobs, Arnaud, Luchtvaartsquare 19, Brussels 1070, Belgium

Jeong, Jeong Ho, School of Architectural Eng., Hanyang Univ., 17 Haedan-
gdong, Seongdonggu, Seoul 133-791, Korea

Khan, Tahseen A., B-17, Block 11, F. B. Area, Karachi 75950, Pakistan

Kloss, Claudia, 41 Sunset Ave., #204, Venice, CA 90291

Kong, Ying-Yee, MRC Cognition & Brain Sciences Unit, 15 Chaucer Rd.,
Cambridge, CB2 2EF, U.K.

Kuhn, Frank R., Air and Noise Compliance, 26 Chandler Ave., Ste. 14,
Plaistow, NH 03865

Latimer, Mark A., 2753 Lakeview Dr., Santa Rosa, CA 95405

Owen, Megan A., Office of Giant Panda Conservation, Zoological Society
of San Diego, 2920 Zoo Dr., San Diego, CA 92101-1649

Pierce, Carol D., Sound Pharmaceuticals, 4010 Stone Way, North, Seattle,
WA 98028,

Riddle, Alfred N., Macallan Consulting, 1583 Pinewood Way, Milpitas, CA
95035

Sandrin, Laurent, Echosens, R&D, 32 Rue Des Jeuneurs, Paris 75002,
France

Shakespeare, Simon A., 1 Weavers Field, Giton, Cambridge, Cam-
bridgeshire CB3 0XB, U.K.

Sperber, Ray, SES Astra, Chateau de Betzdorf, Betzdorf L-6815, Luxem-
bourg

Totten, Donald J., 3414 Heather Brook, Macedon, NY 14502

Ucar, Umit, Old Dominion Univ., Norfolk, VA 23507

Wong, Kainan T., 1517 South Palm Ave., #G, San Gabriel, CA 91776

New Corresponding Electronic Associates

Giner, Jose C., Rue Bartira 1430, Ste. 63, Sao Paulo 05009-000, Brazil

Kim, Youngshin, Dept. of Environmental Marine Science, Ocean Acoustics
Lab., 1271 Sa-1-dong, Sangrok-gu, Ansan, Gyunggi-do, Korea

Upegui Fernandez, Juan F., Copacabana Antioquia, Antioquia 4, Colombia

Umat, Cila, Univ. Kebangsaan Malaysia, Dept. of Audiology & Speech
Sciences, Jalan Raja Muda Abdul Aziz, Kuala Lampur, WP 50300
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SOUNDINGS

Reinstated

E. M. Benjamin, S. A. Kostarev, H. Sakai—Members

D. Lord, B. G. L. Vaupel—Associates

Members Elected Fellows

W. Ahnert, K. C. Benjamin, C. C. Church, R. L. Clark, Jr., J. P. Cottingham,
C. C. Formby, S. N. Y. Gerges, S. M. Gracewski, K. W. Grant, P. A.
Johnson, J. M. Kates, Q. H. Liu, P. B. Nelson, J-X. Zhou

Associates Elected Members

R. Berger, S. Clements, I. Lucifredi, D. F. Macomber, P. P. Mitra, S. S.
Narayanan, Y. Qin, C. R. Kastak, T. J. Royston, R. E. Thomas, P. J. Wolfe

Students to Associates

0. S. Blacklock, M. G. Colburn, W. F. Conklin, M. J. Daley, Y-S. Lai, I. N.
Pieleanu, R. M. Sa Ribeiro, S. Shirai, J. K. Spiewla

Associates to Electronic Associate

L. Lachs, P. Marvit, G. D. Meegan

Associate to Corresponding Electronic Associate

D-G. Paeng

Student to Electronic Associate

S. V. Levi, A. Sarampalis, L. S. J. Tsaih

Associate to Student

J. C. Vick

Resigned

L. B. Felsen—Fellow

Y. T. Didenko, M. R. Jones, H. Suzuki—Members
R. A. Griffin, N. S. Hockley—Associates

M. Aida—Student

Deceased

S. J. Bolanowski, Jr., F. H. Fisher, E. M. Kerwin, Jr., G. Krishnappa, F. L.
Lizzi, H. S. Ribner, Fellows

J. S. Lukas, D. R. Milsom, L. P. Mulcahy, H. A. Newby, C. M. Sroka, M.
Szponka—Members

Fellows 888
Members 2299
Associates 2656
Students 969
Electronic Associates 454

7266
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ACOUSTICAL NEWS—INTERNATIONAL

Walter G. Mayer
Physics Department, Georgetown University, Washington, DC 20057

International Meetings Calendar

Below are announcements of meetings and conferences to be held

abroad. Entries preceded by an * are new or updated listings.

October 2005
12-14

17-18

19-21

25-26

27-28

November 2005
4-5

9-11

14-18

16-18

December 2005
7-9

January 2006
5-7

17-19

March 2006

14-16

20-23

J. Acoust. Soc. Am. 118 (4), October 2005

Acoustics Weeks in Canada (London, Ontario, Canada;
Web: caa-aca.ca).

Wind Turbine Noise: Perspectives for Control, Berlin,
Germany (G. Leventhall, 150 Craddocks Avenue,
Ashtead Surry KT21 INL, UK; Fax: +44 1372 273 406,
Web: www.windturbinenoise2005.org).

36th Spanish Congress on Acoustics Joint with 2005
Iberian Meeting on Acoustics, Terrassa (Barcelona),
Spain (Sociedad Espafiola de Aciistica, Serrano 114,
28006 Madrid, Spain: Fax: +34 914 117 651; Web:
www.ia.csic.es/sea/index.html).

Autumn Conference 2005 of the UK Institute of
Acoustics, Oxford, UK (Web: www.ioa.org.uk).
Autumn Meeting of the Acoustical Society of
Switzerland, Aarau, Switzerland (Web: www.sga-ssa.ch).

Reproduced Sound 21, Oxford, UK (Web:
www.ioa.org.uk).

Australian Acoustical Society Conference on
“Acoustics in a Changing Environment,” Busselton,
WA, Australia (Web: www.acoustics.asn.au/divisions/
2005-conference.shtml).

XVI Session of the Russian Acoustical Society,
Moscow, Russia (Web: www.akin.ru).

*26th Symposium on Ultrasonic Electronics,
Yokohama, Japan (Web: www.use-jp.org/index.html).

Symposium on the Acoustics of Poro-Elastic
Materials, Lyon, France (Fax: +33 4 72 04 70 41;
Web: v0.intellagence.eu.com/sapem2005).

First International Conference on Marine
Hydrodynamics, Visakhapatnam, India (V. B. Rao,
Naval Science & Technological Laboratory, Vigyan
Nagar, Visakhapatnam-530 027, India; Web:
www.mahy2006.com).

*Anglo-French Physical Acoustics Conference, Wye
College, Kent, UK
(www.ioa.org.uk/viewupcoming.asp).

*Spring Meeting of the Acoustical Society of Japan,
Tokyo, Japan (Acoustical Society of Japan, Nakaura
5th-Bldg., 2-18-20 Sotokanda, Chiyoda-ku, Tokyo
101-0021, Japan; Fax: +81 3 5256 1022; Web:
www.asj.gr.jp/index-en.html).

Meeting of the German Acoustical Society (DAGA
2006), Braunschweig, Germany (Web:
www.daga2006.de).

April 2006
24-27

May 2006
2-5

15-19

23-26

30-1

June 2006
12-15

26-28

July 2006

3-7

17-20

17-19

September 2006
13-15

18-20

November 2006
20-22

July 2007
9-12

August 2007
27-31

0001-4966/2005/118(4)/2097/2/$22.50

*French Congress on Acoustics, Tours, France (Web:
www.lussi.univ-tours.fr).

*International Conference on Speech Prosody 2006,
Dresden, Germany

(Web: www.ias.et.tu-dresden.de/sp2006).

IEEE International Conference on Acoustics, Speech,
and Signal Processing, Toulouse, France

(Web: icassp2006.org)

*17th Session of the Russian Acoustical Society,
Moscow, Russia (Web: www.akin.ru).

6th European Conference on Noise Control
(EURONOISE2006), Tampere, Finland (Fax:

+358 9 7206 4711; Web: www.euronoise2006.0rg).

*8th European Conference on Underwater Acoustics,
Carvoeiro, Portugal

(Web: www.euca2006.0rg).

9th Western Pacific Acoustics Conference (WESPAC
9), Seoul, Korea (Web: wespac9.org).

13th International Congress on Sound and Vibration
(ICSV13), Vienna, Austria

(Web: info.tuwienac.at/icsv13)

International Symposium for the Advancement of
Boundary Layer Remote Sensing (ISARS13),
Garmisch-Partenkirchen, Germany (Fax: +49 8821 73
573; Web: imk-ifu.fzk.de/isars)

9th International Conference on Recent Advances in
Structural Dynamics, Southampton, UK

(Web: www.isvr.soton.ac.uk/sd2006/index.htm).

Autumn Meeting of the Acoustical Society of Japan,
Kanazawa, Japan (Acoustical Society of Japan,
Nakaura 5th-Bldg., 2-18-20 Sotokanda, Chiyoda-ku,
Tokyo 101-0021, Japan; Fax: +81 3 5256 1022; Web:
www.asj.gr.jp/index-en.html).

International Conference on Noise and Vibration
Engineering (ISMA2006), Leuven, Belgium

(Fax: 32 16 32 29 87; Web: www.isma-isaac.be).

1st Joint Australian and New Zealand Acoustical
Societies Conference, Christchurch, New Zealand
(Web: www.acoustics.org.nz).

14th International Congress on Sound and Vibration
(ICSV14), Cairns, Australia
(E-mail: n.kessissoglou@unsw.edu.au).

Interspeech 2007, Antwerp, Belgium (E-mail:
conf@isca-speech.org).
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SOUNDINGS

September 2007
2-17

9-12

June 2008
30-4

July 2008
28-1

19th International Congress on Acoustics (ICA2007),
Madrid, Spain (SEA, Serrano 144, 28006 Madrid,
Spain; Web: www.ica2007madrid.org).

ICA Satellite Symposium on Musical Acoustics
(ISMA2007), Barcelona, Spain (SEA, Serano 144,
28006 Madrid, Spain: Web: www.ica2007madrid.org).

Joint Meeting of European Acoustical Association
(EAA), Acoustical Society of America (ASA), and
Acoustical Society of France (SFA), Paris, France
(E-mail: phillipe.blanc-benon@ec-lyon.fr;

Web: www.sfa.asso.1r).

9th International Congress on Noise as a Public
Health Problem, Mashantucket, Pequot Tribal Nation
(ICBEN 9, P.O. Box 1609, Groton, CT 06340-1609,
USA: Web: www.icben.org).
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Preliminary Announcements

October 2006
3-6 IEEE Ultrasonics Symposium, Vancouver, BC, Canada
(TBA).

August 2010
TBA 20th International Congress on Acoustics (ICA2010),

Sydney, Australia (Web: www.acoustics.asn.au).

A special honor for Academician Brekhovskikh

The next meeting of the Russian Acoustical Society (May 2006) will
include in its program a special Seminar in memory of Academician Leonid
Maksimovich Brekhovskikh (1917-2005) honoring him for his many theo-
retical studies of sound wave propagation in layered and inhomogeneous
media.
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BOOK REVIEWS

P. L. Marston

Physics Department, Washington State University, Pullman, Washington 99164

These reviews of books and other forms of information express the opinions of the individual reviewers
and are not necessarily endorsed by the Editorial Board of this Journal.

Editorial Policy: If there is a negative review, the author of the book will be given a chance to respond to
the review in this section of the Journal and the reviewer will be allowed to respond to the author’s
comments. [See “Book Reviews Editor’s Note,” J. Acoust. Soc. Am. 81, 1651 (May 1987).]

Mathematical Theory of Diffraction
Arnold Sommerfeld

Translated by Raymond Nagem,
Mario Zampolli, and Guido Sandri

Series on Progress in Mathematical Physics, Birkhauser,
Boston, 2003 157 pp., Price $54.95 (hardcover).
ISBN: 0817636048.

This book begins with a brief description of the history of the theory of
diffraction prior to Sommerfeld’s article and the historic importance of this
article. Divided into two portions, the first part of the book is the translation
of Sommerfeld’s article. The second part is a collection of notes by the
translators on various sections of the article. The only complaint I have is
that the separation of the translation and translators’ notes requires the
reader to constantly page back and forth between the translation and the
notes. A more appealing organization would be to merge the two sections
into a coherent text, where the notes are italicized or placed in side bars.
However, the translators’ notes are well written and offer fruitful insights
into Sommerfeld’s work.

Sommerfeld’s article presents a generalization of conformal mapping
used in the construction of solutions of the Laplace equation to one that
constructs solutions of the Helmholtz equation from analytic functions; that
is, Sommerfeld describes a process by which a solution of the Laplace
equation is transformed into an equivalent solution of the Helmholtz equa-
tion. Let s=x+iy be the complex coordinates of a point in the xy plane. The
Cauchy-Riemann conditions are of the following form:

i s i i

se0s —al T azf " 2sas " Fas

=0,

which is equivalent to requiring the function f(x,y) be a solution of the
two-dimensional Laplace equation. The above equation is satisified by any
holomorphic or antiholomorphic function in the complex plane. Sommer-
feld’s article creates a solution of the Laplace equation on a sphere by
performing a stereographic projection of the sphere onto the complex plane
for an arbitrary analytic function. In particular, Sommerfeld uses the follow-
ing stereographic projection:
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where (x,y,z) are the coordinates of a point on the sphere of radius a
=\x>+y+z% Sommerfeld uses differentiation and integration to raise
and lower the order of analytic functions. Here, Sommerfeld uses
Cauchy’s theorem to represent a function of order m—1 by the following
integra

1 x+iy\dz
L _ f( y)_’

2 (9 Z)"' zxa/a
In this manner Sommerfeld is able to represent the spherical harmonics in
terms of a contour integral. He attributes this method to Klein. Sommmer-
feld then performs a particular limit as the order of the spherical harmonics

approach infinity to obtain a solution of the two-dimensional Helmholtz
equation. The following limit:

a=\x>+y*+ 22

(x+1iy) _ k(X +iy) _ krexp(+ i(p)’ I kr.
a ) [
z K
P=—=x\/1-—,
cos() . 7
k2r2
lim;_,..P; 1- 1_2 =Jy(kr),

is the asymptotic limit of the Legendre polynomial in terms of the regular
Bessel function of order zero. The remainder of the text describes applica-
tions of this technique to two-dimensional diffraction, where the modal so-
lution of propagation in a rigid (soft) wedge is obtained as a particular
solution of the above technique, and Keller’s geometric theory of diffraction
appears as a stationary phase approximation of the diffraction integral.

Overall, this book is well written and illustrates how the theory of
diffraction was developed before the age of computers and numerical solu-
tions were developed. It is worth reading to gain insights into the methods
employed by Sommerfeld and others to obtain analytic solutions of the
theory of diffraction.

GARY STEVEN SAMMELMANN

Naval Surface Warfare Center Panama City
110 Vernon Avenue

Panama City, Florida 32407-7001
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OBITUARIES

Clayton Hamilton Allen ¢ 1918-2004

Clayton (Clay) Hamilton Allen, a
Fellow of the Society, died on August
25, 2004 at Chebeague Island, Maine.
He was born in Whitinsville, Massa-
chusetts, on June 2, 1918 and received
a B. S. in Physics in 1940 from the
Worcester Polytechnic Institute.

He subsequently did graduate
work at Pennsylvania State College
(now University) and received an M. S.
in Physics in 1942; his Maters’s thesis
was on luminescence due to cavitation.

The next three years were spent at
the Wright-Patterson Air Force Base
(Dayton, Ohio), where he worked on
modification and quality control of military communication gear. He then
resumed graduate work at Penn State, and received a Ph.D. in Physics in
1950. After directing sonic and ultrasonic research at Corning Glass Works,
Corning, NY, from 1950 to 1954, Dr. Allen joined Bolt Beranek and New-
man (BBN) in Cambridge, Massachusetts, and was associated with that firm
for twenty years. He left BBN in 1974 and established his acoustical con-
sulting business as the Clayton H. Allen Corporation in January 1975. He
was a member of the Acoustical Society of America (ASA) for 60 years, and
he became a Fellow in 1956.

Allen’s doctoral work at Penn State, under the supervision of H. K.
Schilling and (until he left for UCLA in 1948) Isadore Rudnick, is signifi-
cant in the history of high-intensity sound. During this time there was an
oral presentation by Allen and Rudnick at the May 1947 Acoustical Society
meeting, and this was followed by an article, “A Powerful High Frequency
Siren,” in the September 1947 issue of the Journal of the Acoustical Society
of America (JASA). The popular media found this work interesting, and
there were consequently articles in Life Magazine and Popular Science, and
there was a “new short” shown in movie theaters. In the published paper,
two sirens were described, the first having acoustic power output of about
150 watts, the second an improved design that generated 2 kW. Novel dem-
onstrations included suspension of marbles in a standing wave field, acous-
tical heating of a cup of coffee, and lighting a pipe. Later, studies with the
Zoology Department using the 2-kW siren led to the paper by Allen, Frings,
and Rudick, “Some Biological Effects of Intense High Frequency Airborne
Sound” [J. Acoust. Soc. Am. 20, 62-65 (1948)].

Allen’s doctoral research included a study of finite-amplitude propaga-
tion from a piston source (a St. Clair generator). In the course of the study,
he discovered what is now termed nonlinear acoustical saturation (he called
it “limiting sound pressure level”). Saturation refers to the maximum sound
pressure level that can be achieved at a given distance at a given source
frequency. Allen correctly attributed saturation to the effects of nonlinear
distortion on the propagating wave. Distortion causes energy to be trans-
ferred to higher harmonics where it is more efficiently absorbed. Finally, at
saturation any further increase in source level is accompanied only by an
equal increase in absorption. Allen also discovered the blunting effect that
increased absorption has on the directivity pattern of the radiation. Allen
reported his work in his thesis, in part of the Penn State Signal Corps
Report, “Atmospheric Physics and Sound Propagation, Final Report for Pe-
riod July 1, 1945 to May 20, 1950,” and in two abstracts in the program of
the June 1950 ASA Meeting. The work was not reported in a journal paper,
and consequently, authors of much of the subsequent literature in nonlinear
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acoustics were not aware of the priority of Clay’s discovery of saturation.

During his year with BBN, Dr. Allen pursued a variety of activities,
some of which were concerned with the creation and use of high amplitude
sound. In 1958, he designed a high power siren to be used in a high intensity
sound facility to measure the potential for failure of electronic and metal
structures. The development, testing, and analytical basis of the siren are
described in two papers by Allen and Watters: “Siren Design for Producing
Controlled Wave Form at High Intensities” and “Siren Design for Producing
Controlled Wave Form with Amplitude Modulation,” both of which ap-
peared in JASA in 1959. A larger siren was subsequently developed and 25
of these were used in a full-scale facility by the U.S. Air Force at Wright
Patterson AFB.

Other work involving the facilities that Dr. Allen helped to develop
includes a study of the effect of high flow and high intensity on attenuation
in a lined duct, which had applications to noise control in jet aircraft na-
celles. A paper, “Influence of Flow and High Sound Level on the Attenua-
tion in a Lined Duct, “ by Kurze and Allen describing part of this work was
published in JASA in 1971.

At BBN, Dr. Allen also was involved in many projects related to
acoustic consulting. One in 1954 was aimed at developing a method for
estimating the sound power level (PWL) and octave band spectrum for fans
used in the fast developing field of air conditioning. A direct relationship
between fan PWL and motor horsepower was found and reported in a paper,
“Noise of Centrifugal Fans,” by Beranek, Kamperman, and Allen, which
appeared in JASA in 1955. An extensive article on fan noise was subse-
quently published in Noise Control in 1957.

Dr. Allen’s expertise is fan noise led to the writing of a chapter on
sound and vibration for a Guide Book published by the American Society of
Heating and Air Conditioning Engineers (ASHAE). This was the first au-
thoritative treatise on sound related to air conditioning systems. This chap-
ter, considerably expanded since 1957, currently appears in the American
Society of Heating, Refrigerating, and Air Conditioning (ASHRAE HVAC)
Applications Handbook (updated every four years).

Consulting work with BBN on textile noise involved a coner machine
used to wind a textile filament on to a rotating cone via a cam driven
transverse guide. The principle source of a repetitive impulsive sound in the
guide mechanism was a cam follower impacting the side walls of the fol-
lower channel. Dr. Allen showed that the sound should be reduced by ap-
plying a few elastic bands to the mechanism to reduce the momentum of the
cam follower when it was thrown into impact with the channel walls, and he
then devised a spring mechanism for installation in new or existing ma-
chines to solve the noise problem by eliminating the follower impact, while
also increasing the efficiency of the operation. This design resulted in a
patent issued in 1976.

A number of the patents, some coauthored with others, resulted from
Dr. Allen’s work. There were four for ear muffs, two being for a design
providing a level dependent attenuation for high level impulses. There was a
patent for a phonograph design that gave an eight message voice for the GI
Joe toy of the late 60’s, another for a sound damping method for circular
saw blades, and there were many others. His expertise and interest in patents
led to service, from 1980 to 1994, as a contributor to the Patent Reviews
section of the Journal of the Acoustical Society of America.

Dr. Allen continued with acoustic consulting after leaving BBN and
worked out of Chebeague Island off the coast of Maine for the last 27 years
of his life.

IRA DYER
DAVID T. BLACKSTOCK
ROBERT M. HOOVER
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REVIEWS OF ACOUSTICAL PATENTS

Lloyd Rice
11222 Flatiron Drive, Lafayette, Colorado 80026

The purpose of these acoustical patent reviews is to provide enough information for a Journal reader to
decide whether to seek more information from the patent itself. Any opinions expressed here are those of
reviewers as individuals and are not legal opinions. Printed copies of United States Patents may be
ordered at $3.00 each from the Commissioner of Patents and Trademarks, Washington, DC 20231.

Patents are available via the Internet at http://www.uspto.gov.

Reviewers for this issue:

GEORGE L. AUGSPURGER, Perception, Incorporated, Box 39536, Los Angeles, California 90039

JOHN M. EARGLE, JME Consulting Corporation, 7034 Macapa Drive, Los Angeles, California 90068

JEROME A. HELFFRICH, Southwest Research Institute, San Antonio, Texas 78228

MARK KAHRS, Department of Electrical Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania 15261

DAVID PREVES, Starkey Laboratories, 6600 Washington Ave. S., Eden Prarie, Minnesota 55344

DANIEL R. RAICHEL, 2727 Moore Lane, Fort Collins, Colorado 80526
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6,885,615

43.10.Pr PIEZOELECTRIC ACTUATOR, TIME PIECE,
AND PORTABLE DEVICE

Osamu Miyazawa ef al., assignors to Seiko Epson Corporation
26 April 2005 (Class 368/255); filed in Japan 15 March 1998

This patent discloses the use of scratch drive and some other ingenious
methods for driving clockwork. There are several applications diagrammed
and lots of construction details.—JAH

6,882,462

43.20.Ks RESONANT SCANNER WITH
ASYMMETRIC MASS DISTRIBUTION

Mark P. Helsel et al., assignors to Microvision, Incorporated
19 April 2005 (Class 359/292); filed 22 August 2003

This patent describes the use of torsional plate resonators to create a
scanning device for images. The description focuses on the application to
retinal displays, but could be applicable to projectors and the like—any
sensor that uses a raster scanned input or output. The patent is complete with
drive circuits and some analysis of fabrication methods, but does not divulge
much about the vibration analysis of such a device.—JAH

6,885,612

43.30.Wi PANORAMIC AUDIO DEVICE FOR
PASSIVE SONAR

Pierre Alinat, assignor to Thales
26 April 2005 (Class 367/124); filed 4 March 2003

An audio device to process the impulsive signals received by a passive
sonar array is described. The impulsive signals received by each of several
beams, which are oriented azimuthally and tilted vertically, are processed in
both the frequency and time domains into “left” and “right” signals and
then filtered according to characteristics of the human ear. The sums of all
the left and all the right signals are listened to with earphones so that an
operator on the vessel develops an impression of the direction of the source
of the signals with respect to the axes of the vessel —WT

J. Acoust. Soc. Am. 118 (4), October 2005
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6,883,375

43.35.Yb DETECTION OF MOVEMENT OF
TERMITES IN WOOD BY ACOUSTIC EMISSION
TECHNIQUES

Harold L. Dunegan, Laguna Niguel, California

26 April 2005 (Class 73/587); filed 18 November 2003

Acoustic emission is applied in the usual manner to detect the ultra-
sonic signals generated by wood-boring or wood-feeding insects as they
feed or move within wooden media. The probe consists of a piezoelectric
transducer that is adapted to be inserted into a borehole in the wood under-
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going evaluation. It is argued that the waveguide will intersect the high-
frequency longitudinal and shear waves produced by the activities of ter-
mites, and which propagate along the grain of the wood, to yield an indica-
tion of termite infestation.—DRR
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6,889,552
43.35.Zc ACOUSTIC WAVEGUIDE SYSTEM

Toan H. Nguyen and Lawrence C. Lynnworth, assignors to
Panametrics, Incorporated
10 May 2005 (Class 73/632); filed 27 September 2002

Ultrasonic waveguide systems using rod-like elongated waveguides
are widely used to measure the density, level, and/or temperature of fluids
surrounding the waveguide. The fluid property that is measured depends on
the type of wave (torsional, extensional, flexural) supported by the wave-
guide. This patent describes how two shear transducers can be mounted on
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opposite sides at the end of a tubular or rod-shaped waveguide so as to
produce any of the aforementioned types of wave or combinations of
these.—EEU

6,867,374

43.38.Dv CERAMIC INSULATION COATED
ELECTRIC WIRE SELF-FUSING CERAMIC
INSULATION COATED ELECTRIC WIRE COATING
COMPOSITION AND COIL AND VOICES COIL
FOR SPEAKER

Toshihiro Ishigaki et al., assignors to Totoku Electric Company,
Ltd.
15 March 2005 (Class 174/110 A); filed in Japan 24 January 2001

A voice coil wire is described with a ceramic insulation 2 consisting of
a zirconium oxide/silicon polymer which is directly applied on a conductor
1 and thermally cured. This, in turn, is then coated with a polyamide or a
polyimide (or a combination thereof) resin 3 which is dissolved in an or-
ganic solvent. The patent is relatively straightforward (for patentese). This

20

construction and these materials are described as being able to withstand
temperatures of 500 °C. If so, the product can find utility in high-power
electrodynamic transducers. The patent, written in a tortured dialect of pat-
entese, presents the specific materials used, design charts, and the results of
several power tests.—NAS

6,885,262

43.38.Fx BAND-PASS FILTER USING FILM BULK
ACOUSTIC RESONATOR

Kosuke Nishimura et al., assignors to Ube Industries, Ltd.
26 April 2005 (Class 333/189); filed in Japan 5 November 2002

This patent describes the fabrication of a bulk SAW resonator made of
AIN piezoelectric material and Mo electrodes. There are several design ex-
amples given but the methodology for the design is lacking. The majority of
the claims are related to electrical impedance matching.—JAH

6,885,753

43.38.Fx COMMUNICATION DEVICE USING BONE
CONDUCTION

Graham Bank, assignor to New Transducers Limited
26 April 2005 (Class 381/326); filed in the United Kingdom
10 July 2001

The patent clearly describes and analyzes the problems of achieving
relatively wide-band audio for bone conduction, making use of the same
principles employed in modern distributed mode loudspeakers (DMLs).
Here, a vibrating assembly is “coaxed” into broadband operation through
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70
, J .
= /7
N

~—

(7777777777777 777K 7T 77777

76 78
appropriately designed modal distribution. The figure shows ‘“‘a multiple
disc transducer 70 comprising two active piezoelectric elements 72 stacked
with two passive resonant elements 74, so that the modes of the active and
passive elements are interleaved.”—JME

6,863,152
43.38.Ja LOW PROFILE AUDIO SPEAKER

Joseph Yaacoub Sahyoun, Redwood City, California
8 March 2005 (Class 181/157); filed 30 September 2003

This is a “division of application No. 10/058,868, filed on Jan. 28,
2002, now Pat. No. 6,675,931, which is a continuation-in-part of applica-
tion” all the way back to 1998. A low-profile electrodynamic loudspeaker
based on a low-profile drone is described. The patent contains 46 figures

(many of which have several parts) and describes in detail the use of drone
radiators in low-frequency (specifically consumer sub-bass) enclosures, and
an active version that retains the low profile of the drone, in 10 claims.
Readers who follow this market will recall the Carver patent(s) on this
theme.—NAS

6,886,658
43.38.Ja LOUDSPEAKER ENCLOSURE SYSTEM

Prince John Charles Rolph, Cathcart, New South Wales, Australia
3 May 2005 (Class 181/199); filed in Australia 23 May 2000

Although their number seems to be diminishing, one still finds an
occasional loudspeaker design based on similarity to a musical instrument or
the human ear. In the case at hand, the larger rear chamber functions as a
normal vented box, whereas the smaller chamber ‘““adopts in reverse func-
tion the principle of biological transmission and reception of sound by and

Reviews of Acoustical Patents 2102



- &
SIGNAL ™~

A
)

SIGNAL ™

k
D

U SIGNAL —

SIGNAL S

with a tympanic cavity or middle ear.” Two large loudspeakers and two
smaller loudspeakers are required. It will be noted that the two smaller
speakers are connected in opposing polarity.—GLA

6,889,796
43.38.Ja LOUDSPEAKER SUSPENSION

Nicholas Pocock and Simon Yorick Pettman, assignors to
Goodmans Loudspeakers Limited

10 May 2005 (Class 181/172); filed in the United Kingdom
29 January 2001

Any conventional loudspeaker cone suspension, whether corrugated or
U-shaped, develops hoop stresses at long excursions. That is, at least one
portion of the suspension is forced to move inward or outward, and in doing

so, its effective circumference changes. In this design, the wiggly line indi-
cates multiple transitions from a semicircular contour to a more elliptical
contour, thus accommodating peripheral expansion and contraction.—GLA
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6,882,734
43.38.Kb VEHICLE ACCESSORY MICROPHONE

Alan R. Watson et al., assignors to Gentex Corporation
19 April 2005 (Class 381/92); filed 14 February 2002

This hefty patent (52 figures and 46-plus columns of text) deals with
hands-free communication in an automobile. A pair of microphones posi-
tioned in the rear-view mirror, for example, can be processed to null out

08 / 1302 e 1300
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dominant noise components, as shown. Copious mechanical details and

1304

measurements are given.—JME

6,885,751

43.38.Kb PRESSURE-GRADIENT MICROPHONE
CAPSULE

Richard Pribyl, assignor to AKG Acoustics GmbH
26 April 2005 (Class 381/174); filed in Austria 26 February 2002

Gradient microphones normally have front and rear openings to gen-
erate a pressure difference for actuating the diaphragm. When such a micro-
phone has to be mounted flush to a rigid surface, both openings will be more
or less side-by-side. This will produce a polar pattern that is essentially

(b)

“half a cardioid” aimed to one side, as seen in the figure. With a little care,
this pattern can be aimed for pickup in a desired direction. Similar arrange-
ments have been used in some commercial directional flush-mount boundary
layer microphones.—JME
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6,868,296
43.38.L.c AUDIO COMPONENT SYSTEM

Shoji Arikuma and Hideharu Toda, assignors to Sanyo Electric
Company, Ltd.
15 March 2005 (Class 700/94); filed in Japan 28 May 1999

The patent describes a digital control bus which interconnects compo-
nents of an audio system. The intention is that each audio output channel

would be able to signal back to the selector logic to convey the status of that
... 1 AMPLIFER UNTT 2

6 TUNER

14 15

INPUT CONTROL
UNIT CIRCUIT

channel. In this way, thumps can be avoided by preventing the audio signal
from being fed to an inoperable channel. —DLR

6,888,403

43.38.L.c PULSE WIDTH MODULATION TYPE
AUDIO AMPLIFIER HAVING VARIABLE AVERAGE
SWITCHING FREQUENCY

Yong Hun Cho and Bong Joo Kim, assignors to Pulsus
Technologies

3 May 2005 (Class 330/10); filed in the Republic of Korea
17 August 2001

If a PWM power amplifier is used to reproduce a full-range audio
signal, its nominal switching frequency must be higher than if it is used to
drive a subwoofer. Rather than providing a selectable switching rate, this
design detects the bandwidth of the input signal and then adjusts the switch-
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cepts left and right channel inputs and is followed by a correction circuit
10b. A remote controller is used to adjust the circuits based on the listener’s
position.—NAS

6,885,876

43.38.Si MOBILE PHONE FEATURING AUDIO-
MODULATED VIBROTACTILE MODULE

Olli Aaltonen et al., assignors to Nokia Mobile Phones Ltd.

26 April 2005 (Class 455/550.1); filed 12 March 2001

The basis for this patent is interesting. According to the references
cited, speech intelligibility for the hearing impaired, or in the presence of
high background noise, can be improved by simultaneously providing an
audio-modulated tactile sensation to the listener. The patent describes pos-
sible ways of providing such a tactile signal in a cellular phone.—GLA

6,882,335

43.38.Vk STEREOPHONIC REPRODUCTION
MAINTAINING MEANS AND METHODS

FOR OPERATION IN HORIZONTAL AND VERTICAL
A/V APPLIANCE POSITIONS

Pertti Saarinen, assignor to Nokia Corporation
19 April 2005 (Class 345/156); filed in the United Kingdom
8 February 2000

Video displays can be operated in either “landscape” or “portrait”
orientation, and each mode requires a different loudspeaker layout for cor-
rect stereophonic performance. This can be done with only three loudspeak-

ing frequency and output filter accordingly. “By using the average switching
frequency as lower (sic) as possible in accordance with the bandwidth of the
input audio signal, the power efficiency is enhanced and the electromagnetic
interference affecting peripheral devices can be minimized.”—GLA

6,862,356
43.38.Md AUDIO DEVICE

Atsushi Makino, assignor to Pioneer Corporation
1 March 2005 (Class 381/1); filed in Japan 11 June 1999

Providing a “‘realistic”” stereo image in a car, as well as other listening
spaces, when the listener is not ideally located between the playback loud-
speakers, is the goal of this patent. A head-related transfer circuit 10a ac

2104 J. Acoust. Soc. Am., Vol. 118, No. 4, October 2005
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ers if they are positioned as shown in the figure. Both automatic and manual
switching between modes are described.—JME
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6,882,733

43.38.Vk SURROUND HEADPHONE OUTPUT
SIGNAL GENERATOR

Koichi Sato, assignor to Pioneer Corporation
19 April 2005 (Class 381/74); filed in Japan 10 May 2002

In analog audio circuitry, if two uncorrelated, zero-level signals are
combined, the peak level of the resulting sum signal may be twice as high
(+6 dB). The same thing happens with digital audio, and can be accommo-
dated by rescaling both of the input signals. If one is designing a low-cost
circuit with limited word length, the trick is to pick a scaling factor that
maintains a good signal-to-noise ratio while avoiding overload. That is the
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situation depicted here, where six input channels are combined into a two-
channel headphone feed. The device first detects whether the program
source is a motion picture or a music recording. It then rescales the relative
surround sound levels on the basis that surround sound should be louder for
film than for music. Any consideration of calibrated levels or the original
program balance seems to be ignored.—GLA

6,883,693

43.38.Vk KNAPSACK WITH STEREOPHONIC
REPRODUCING KIT

Angela W. Han, Taipei, Taiwan
26 April 2005 (Class 224/576); filed 10 April 2003

This short patent suggests the use of built-in stereo loudspeakers on
both sides of a typical knapsack for playback of stereo for travelers on
foot.—JME

6,885,899

43.38.Vk METHOD AND APPARATUS FOR
CONTROLLING A SOUND FUNCTION OF A
COMPUTER SYSTEM

An-Sung Yoon, assignor to Samsung Electronics, Company, LTD
26 April 2005 (Class 700/94); filed in the Republic of Korea
25 August 1998
Most laptop computers and similar products have a stereo pair of loud-
speakers as well as a receptacle for accommodating additional stereo head-
phones. The patent describes circuitry that will mute the loudspeakers when
a headphone jack is inserted into the receptacle—JME

6,888,424

43.40.Dx PIEZOELECTRIC RESONATOR, FILTER,
AND ELECTRONIC COMMUNICATION
DEVICE

Masaki Takeuchi et al., assignors to Murata Manufacturing
Company, Ltd.
3 May 2005 (Class 333/187); filed in Japan 3 July 2001

This patent discloses the use of a flexible plate as a resonant structure.
There is nothing new about this as far as this reviewer can tell, and the
details of the design method are not given.—JAH
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6,870,791
43.40.Le ACOUSTIC PORTAL DETECTION SYSTEM

David D. Caulfield, Spruce Grove, Alberta, Canada et al.
22 March 2005 (Class 367/11); filed 26 December 2002

This device would transmit one or more acoustic signals toward a
person entering a secured area such as the boarding area at an airline termi-
nal. An array of detectors would pick up acoustic energy reflected and/or
refracted from the person, to be analyzed for the presence of materials, such
as plastic explosives, drugs, or weapons. The patent text mainly presents the

21c
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results of a series of experiments that were done to determine coefficients of
reflectivity for human bodies, clothing, and various items to be detected by
such a system. The 45 claims deal primarily with various arrangements of
transmitters and receivers on the portal.—DLR

6,873,918

43.40.Le CONTROL EMBEDDED MACHINE
CONDITION MONITOR

Richard A. Curless and Paul E. McCalmont, assignors to Unova
IP Corporation
29 March 2005 (Class 702/36); filed 30 November 2001

Vibration from a machine 100 is monitored by a transducer 102, the
signals from which are fed to 106, which can contain electronic amplifica-
tion 108, rms detector 109, and are periodically sampled and fed to analog-
to-digital converter 110. The sampled signals are stored in predefined rms
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value bands in controller 112. Each sample increments a counter which
keeps track of the number of signal samples in a particular band. The num-
ber of accumulated samples can be used to provide the condition of the
machine.—NAS
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6,874,364

43.40.Le SYSTEM FOR MONITORING MECHANICAL
WAVES FROM A MOVING MACHINE

Jonathan Joseph Campbell ef al., assignors to Commonwealth
Scientific and Industrial Research Organization
5 April 2005 (Class 73/593); filed in Australia 9 July 1999

Accelerometer(s) with radio transmitter(s) 11 is (are) powered by solar
panel(s) 12. These are attached to semi-autonomous grinding (SAG) mill 10.
The location of 11 is detected by a proximity switch, which is wired via
terminal block 14 to computer 15. The signals from 11 are received by 13,
and conveyed to 15 via 14. The behavior of the grinding media is charac-

10

Radio Receiver Terminal Block

{ Laptop equipped with DAQCord/Lab View |
terized by tumbling, shearing, cataracting, and abrasion. The SAG mill has a
liner that wears as a function of the media behavior. These behaviors can
cause the mill liner to wear in different ways, some quicker than others. The
analysis of the vibrations of the shell can lead to a reliable way of monitor-
ing and controlling the SAG mill liner wear—NAS

6,882,086

43.40.Tm VARIABLE STIFFNESS ELECTROACTIVE
POLYMER SYSTEMS

Roy D. Kornbluh and Ronald E. Pelrine, assignors to SRI
International
19 April 2005 (Class 310/328); filed 16 January 2002

Sheets of electroactive polymers are located between flexible elec-
trodes. Depending on the polymer type and the circuits externally connected
to the electrodes, which circuits may be passive or active, the assemblies can
provide stiffness and/or damping that varies with the deflection amplitude.
Assemblies of this type can also be made to serve as actuators.—EEU

6,883,532

43.40.Vn LARGE-SCALE MANIPULATOR
COMPRISING A VIBRATION DAMPER

Kurt Rau, assignor to Putzmeister Aktiengesellschaft
26 April 2005 (Class 137/1); filed in Germany 19 September 2000

The boom arms of a large-scale manipulator, such as a concrete pump,
are positioned by means of hydraulic cylinders. In order to suppress bending
vibrations of these booms, the pressure fluctuations in these double-acting
cylinders are sensed, low-pass filtered, and fed to a controller that sends
correcting signals to these cylinders.—EEU

2106 J. Acoust. Soc. Am., Vol. 118, No. 4, October 2005

6,872,057
43.50.Gf HERMETIC COMPRESSOR CASING

Saeng-ho Kim, assignor to Samsung Gwangju Electronics
Company, Ltd.

29 March 2005 (Class 417/312); filed in the Republic of Korea
17 September 2002

The vibration and noise from a hermetic compressor 10 is decreased

iz f
Sy
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by using a multilayer structure for the casing 100, in which the middle layer
is a damping layer.—NAS

6,872,158
43.50.Gf SILENT CHAIN TRANSMISSION DEVICE

Toyonaga Saitoh, assignor to Tsubakimoto Chain Company
29 March 2005 (Class 474/212); filed in Japan 28 December 2001

Links 11 and the teeth of sprocket 20 have profiles that engage in a
way that reduces the up and down motion of the chain relative to the chain
traveling line. *‘After sufficient engagement time between the inside surface
and a sprocket tooth, the engagement of a link plate with the sprocket is

10
11 [ T /H—C

P =T p—

(C (0 L0N0;

X

_Pe 6_}?_@%]

gradually shifted to engagement of the outside engaging surface with the
sprocket teeth.” The patent also states that chain pitch Pc of the silent chain
10 is set to be the same as the hob pitch Ph of the hob cutter HC that
produces the sprocket teeth.—NAS
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6,882,945

43.50.Jh METHOD, APPARATUS, AND PROGRAM
FOR ESTIMATING NOISE GENERATION FOR
A SYNCHRONOUS BELT

Kiyoshi Okura et al., assignors to Mitsuboshi Belting Ltd.
19 April 2005 (Class 702/69); filed in Japan 27 February 2002

A method is described for estimating the noise generated by the inter-
action of a belt with the driving and driven sprockets. The noise is said to be
primarily due to the transverse belt displacement at or near the first location
at which the teeth 34 of the belt and the teeth of sprocket 14 mesh and is
generated when the crests of the belt teeth impact the sprocket and when the
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sprocket teeth impact the land region of the belt. The program calculates the
transverse belt displacement, then calculates a belt displacement velocity
from which the sound pressure level is calculated. The patent has several
small typographical errors, starting with the assignee’s name.—NAS

6,880,287
43.58.Wc FISHING LURE

Calvin W. Eubanks, Jennings, Oklahoma
19 April 2005 (Class 43/42.13); filed 5 May 2003

As shown, this spinning lure uses the collisions of spinner blades 50

/10

and 60 to create a clicking noise, which, together with the spinning action,
will hopefully interest the notoriously inattentive fish.—MK

6,889,466

43.58.Wc DEER STOMP SIMULATOR

Bruce Randall Hamlet, assignor to Hamlett Environmental
Technologies Company
10 May 2005 (Class 43/2); filed 7 October 2003

Some hunters evidently believe that artificial deer hoof stomps will
attract a susceptible target (and hopefully not other hunters). Sitting in a tree,

2107 J. Acoust. Soc. Am., Vol. 118, No. 4, October 2005
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the hunter can pull a cord attached to a spring which hits the ground in a
resounding stomp.—MK

6,882,337

43.60.Bf VIRTUAL KEYBOARD FOR TOUCH-
TYPING USING AUDIO FEEDBACK

Martin Shetter, assignor to Microsoft Corporation
19 April 2005 (Class 345/173); filed 18 April 2002

This is a system for displaying an image of a keyboard on a computer
screen that enables a user to do touch typing in order to enter textual data.
Audio feedback is provided that indicates whether the user’s fingers are
properly striking the keys on the virtual keyboard. By listening to the sounds
generated while typing, the user should be able to tell whether his/her hands
are drifting to one side and adjust the finger position accordingly. If a finger
misses a target area on the virtual keyboard, it will generate a sound differ-
ent from the one that occurs when the finger strikes the desired key squarely.
Presumably a vertical display would either be used sparingly or positioned
horizontally for sustained use.—DRR

6,868,372

43.60.Dh IMAGE AND AUDIO DEGRADATION
SIMULATOR

Craig D. Cuttner and Robert M. Zitter, assignors to Home Box
Office, Incorporated
15 March 2005 (Class 703/2); filed 11 April 2001

In the old days, which for this reviewer is the early 1970s, a producer
of an album would many times prepare a cassette tape of a song or songs
and listen to it in a car to see how the recording sounded in the end user
environment. Today, many producers of video and audio productions can do
this by viewing and listening to program material “off the air,” even though
the signal may never actually be promulgated through the air. This requires
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that the whole signal transmission chain be present and used. The patent
describes a method that uses real time digital signal processing to simulate
the signal path degradation of the signal —NAS

6,879,864

43.60.Dh DUAL-BAR AUDIO LEVEL METER FOR
DIGITAL AUDIO WITH DYNAMIC RANGE
CONTROL

Edward J. Cleary, Jr., assignor to Tektronix, Incorporated
12 April 2005 (Class 700/94); filed 3 March 2000

Digital television transmits a full bandwidth signal as well as control
signals (DIALNORM, DYNRNG, COMPR) that can automatically control
the audio signal. Display 10 simultaneously presents the digital audio signal,
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both compressed and uncompressed, by decoding the digital signal and pre-
senting it using an inner bar and an outer bar on each audio channel
display.—NAS

6,889,085

43.64.Qh METHOD AND SYSTEM FOR FORMING
AN ACOUSTIC SIGNAL FROM NEURAL
TIMING DIFFERENCE DATA

Thomas P. Dawson, assignor to Sony Corporation
3 May 2005 (Class 607/54); filed 20 May 2003

A conventional technique for synthetically generating neural activity in
the human nervous system necessitates surgical implants. These implants
usually interact with and cause neural activity in some portion of the ner-
vous system, such as the neural cortex. Researchers have successfully
mapped audio sensory data to the cochlear channel and visual data to the
visual cortex. A new system is described in this patent that provides a non-
invasive means of generating visual, audio, taste, smell, or touch, within or
onto the neural cortex. This system forms acoustic signals from neural tim-
ing difference data. One embodiment of the system consists of a primary
and a secondary transducer array. The primary array serves as a coherent or
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nearly coherent signal source. The secondary array acts as a controllable
acoustic diffraction pattern that shapes, focuses, and modulates energy from
the primary transducer into the neural cortex in a desired pattern. The sec-
ondary transducer emits acoustic energy that may be shifted in phase and
amplitude relative to the primary array emissions. Stimulation of the audi-
tory cortex leads to the sensation of sound.—DRR

6,868,345

43.64.Ri MONITORING AUDITORY EVOKED
POTENTIALS

Erik Weber Jensen, assignor to Danmeter A/S
15 March 2005 (Class 702/32); filed in Denmark 31 March 2000

This patented technique would measure the intensity of auditory
evoked potentials as a way to determine the level of consciousness of a
subject, specifically, whether the person is sufficiently anaesthetized as to
undergo surgical or other procedures. In use, the patient listens to a series of
clicks presented via headphones. In the suggested arrangement, three EEG
electrodes are attached to the patient’s head, in the middle forehead, the left
forehead, and behind the ear. The EEG signal is analyzed using a singular
value decomposition method, which is presented in detail in the patent. The
resulting index is said to respond within as little as six seconds to changes in
the depth of anaesthesia.—DLR

The following review was previously published in J. Acoust. Soc. Am.
117(5), 2694 (2005), with the wrong figure. The correct figure is included
here.

6,829,359

43.66.Qp MULTISPEAKER SOUND IMAGING
SYSTEM

Juan Serrano, assignor to Arilg Electronics Company, LLC

7 December 2004 (Class 381/17); filed 8 October 2002

Some years ago while attending a consumer high-fidelity show, this
reviewer saw a setup, referred to as a “‘polyphonic isolator,” that fed a
two-channel stereo program to a frontal array of four loudspeakers. The
signal processing was linear time invariant, and the effect was a pleasant
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spread of sound from left to right. This patent proposes much the same
through a combination of simple stereo stage widening (through the use of
careful antiphase crosstalk) and gradual signal panning from left to right
over a number of adjacent loudspeakers. The details of this are clearly
apparent from the figure. —JME

6,882,736

43.66.Ts METHOD FOR OPERATING A HEARING
AID OR HEARING AID SYSTEM, AND A
HEARING AID AND HEARING AID SYSTEM

Thomas Dickel and Benno Knapp, assignors to Siemens
Audiologische Technik GmbH

19 April 2005 (Class 381/317); filed in Germany
13 September 2000

A methodology is proposed for determining automatically whether
wind noise is present in a listening situation and for reducing the wind noise.
Wind noise is judged to be present when the difference in the outputs of the
two hearing aid microphones due to uncorrelated inputs created by wind
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noise is less than a preset threshold. In such cases, wind noise is reduced by
switching from directional to omnidirectional mode, by filtering out low
frequency energy from the microphone signals, and/or increasing AGC time
constants.—DAP

6,885,731

43.66.Ts CAPTIONED TELEPHONE WITH
EMERGENCY ACCESS FEATURE

Robert M. Engelke, Madison, Wisconsin et al.
26 April 2005 (Class 379/52); filed 28 July 2003

Captioned telephones provide text by using the services of a relay
interposed between the assisted user and a hearing user. Under normal op-
erations, the assisted user dials a number and the captioned telephone con-
nects with a relay that, in turn, dials the other party. In this system, the
captioned telephone monitors the number being called by the assisted user.
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If the user is dialing an emergency number such as 911, the call to the relay
is terminated and a direct connection to the emergency services is initiated
in order to provide the quickest connection. The question, however, is: How
would the user, presumably in need of captioned assistance, be able to
conduct a two-way conversation?—DRR

6,888,948

43.66.Ts PORTABLE SYSTEM PROGRAMMING
HEARING AIDS

Lawrence T. Hagen and David A. Preves, assignors to Micro Ear
Technology, Incorporated
3 May 2005 (Class 381/314); filed 11 March 2002

A host computer connects to a programming interface constructed on a
PCMCIA (PC) card. Programs are downloaded to hearing aids via the PC
card. To accommodate changing acoustical environments, multiple pro-
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grams may be downloaded to a portable controller, which, under patient
control, loads one of several programs into the hearing aids via wireless
means.—DAP

6,888,949

43.66.Ts HEARING AID WITH ADAPTIVE NOISE
CANCELLER

Jeff Vanden Berghe and Jan Wouters, assignors to GN ReSound
AlS
3 May 2005 (Class 381/317); filed 22 December 1999

To increase robustness in adverse signal-to-noise ratio environments, a
modified version of the traditional two-microphone adaptive noise canceller
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utilizes a fixed rather than adaptive filter in a first section and an adaptive
filter in a second section.—DAP
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6,889,094

43.66.Ts ELECTRODE ARRAY FOR HYBRID
COCHLEAR STIMULATOR

Janusz A. Kuzma ef al., assignors to Advanced Bionics
Corporation
3 May 2005 (Class 607/137); filed 12 May 2000

A cochlear implant is proposed in which electrical stimulation for
high-frequency sounds in the basal end of the cochlea is combined with

acoustic stimulation with or without a hearing aid for lower-frequency
sounds.—DAP

6,891,956

43.66.Ts CERUMEN PROTECTION SYSTEM FOR
HEARING AID DEVICES

Markus Heerlein and Christian Schmitt, assignors to Siemens
Audiologische Technik GmbH
10 May 2005 (Class 381/325); filed in Germany 28 March 2002

The sound outlet of the hearing aid receiver is directed toward the side

wall of the ear canal and is covered with a large, acoustically transparent
membrane that is placed in a plane parallel to the ear canal.—DAP
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6,882,732

43.66.Yw INTERNET-BASED AUDIOMETRIC
TESTING SYSTEM

Chris M. Pavlakos, Dayton, Ohio
19 April 2005 (Class 381/60); filed 14 December 2000

Owing to the lack of personal contact, this system for conducting
audiometric tests via the Internet is perhaps ill-advised. The system includes
a client CPU with Internet access at the test site equipped with hearing-test
equipment that produces audiometric tones. A person being tested responds
in some fashion that determines the course of the testing procedure. A re-
mote Internet-based server contains the software that gathers the data and
produces an audiological test report for review by a certified audiologist.—
DRR

6,889,189

43.72.Bs SPEECH RECOGNIZER PERFORMANCE
IN CAR AND HOME APPLICATIONS UTILIZING
NOVEL MULTIPLE MICROPHONE
CONFIGURATIONS

Robert Boman et al., assignors to Matsushita Electric Industrial
Company, Ltd.
3 May 2005 (Class 704/270); filed 26 September 2003

This system allows automotive loudspeakers to be used as microphone
inputs for a speech recognition function. “Using loudspeakers as micro-
phones improves speech recognition in noisy environments, thus attaining
better recognition performance with little added system cost. The loudspeak-
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ers, positioned in physically separate locations, also provide spatial infor-
mation that can be used to determine the location of the person speaking and
thereby offer different functionality for different persons.” —JME
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6,885,992
43.72.Gy EFFICIENT PCM BUFFER

Vladimir Z. Mesarovic and Miroslav V. Dokic, assignors to Cirrus
Logic, Incorporated
26 April 2005 (Class 704/500); filed 26 January 2001

A methodology is proposed to minimize the memory used for buffer-
ing while decoding audio PCM data. Speed changing without pitch alter-
ation with Advanced Audio Coding (AAC) permits use of a nonuniform size
PCM buffer, as required by available processing capacity and loading/
emptying the output FIFO.—DAP

6,885,993

43.72.Gy METHOD AND SYSTEM FOR REDUCTION
OF QUANTIZATION-INDUCED BLOCK-
DISCONTINUITIES AND GENERAL PURPOSE
AUDIO CODEC

Shuwu Wu et al., assignors to America Online, Incorporated
26 April 2005 (Class 704/500); filed 4 February 2002

Quantization-induced block discontinuities are reduced without large
latency and computation complexity using a boundary analysis and synthe-
sis technique. Data compression is achieved with an adaptive cosine packet
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transform. A signal-residue classifier separates strong signal clusters from
noise and weak signals.—DAP

6,891,958

43.72.Gy ASYMMETRIC SPREAD-SPECTRUM
WATERMARKING SYSTEMS AND METHODS
OF USE

Darko Kirovski and Yacov Yacobi, assignors to Microsoft
Corporation
10 May 2005 (Class 382/100); filed 27 February 2001

Audio watermarking is used to identify the content producer to prevent
pirates from using the content without copyright authorization. Proposed is
incorporation and detection of an inaudible watermark in an audio content
sequence. A public key watermark is created by incorporating the private
key watermark provided by the copyright owner into a watermark carrier
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signal. The public key watermark is provided to the client to use in a cor-
relation test to determine if the private watermark is present in the water-
marked content sequence.—DAP

J

6,853,972

43.72.Ne SYSTEM AND METHOD FOR EYE
TRACKING CONTROLLED SPEECH PROCESSING

Wolfgang Friedrich ef al., assignors to Siemens Aktiengesellschaft
8 February 2005 (Class 704/275); filed in Germany 27 July 2000

This short patent describes a speech recognition application in which
an eye movement tracker is used together with the speech input to provide
more reliable control over a computer-controlled process or operation. No
specific hardware is mentioned, nor is a specific implementation described.
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What is described in text and claims are ways to use the operator’s attention

to details on a visual display, including color, to enhance the performance of
the speech input processing.—DLR

6,862,566

43.72.Ne METHOD AND APPARATUS FOR
CONVERTING AN EXPRESSION USING KEY
WORDS

Yumi Wakita and Kenji Matsui, assignors to Matushita Electric
Industrial Company, Ltd.
1 March 2005 (Class 704/2); filed in Japan 10 March 2000

This elaborate recognition system, described with examples in Japa-
nese, selects key words from the input speech and compares them to se-
lected keywords which are associated with the target concepts to be
recognized.—DLR
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6,856,952

43.72.Ne DETECTING A CHARACTERISTIC OF A
RESONATING CAVITY RESPONSIBLE FOR
SPEECH

Edward O. Clapper, assignor to Intel Corporation
15 February 2005 (Class 704/200); filed 28 February 2001

This is a speech recognizer—of a sort—which collects vocal tract
shape information, rather than audible speech data, from the user. A sensor,
such as an ultrasound transmitter/receiver, is located on a small tube which
projects through the mouth into the oral cavity. This sensor continually
tracks the tract shape, whether the person is actually speaking aloud or just
“mouthing” the sounds, and transmits that information to the computer for
spectral or other analysis. No further information is included on the recog-
nition system.—DLR

6,859,777

43.72.Ne HYPERTEXT NAVIGATION SYSTEM
CONTROLLED BY SPOKEN WORDS

Darin Edward Krasle, assignor to Siemens Aktiengesellschaft
22 February 2005 (Class 704/270.1); filed in Germany
14 November 1994

This patent covers an idea which has been bandied about for many
years, practically since the introduction of the Internet, and which is imme-
diately obvious to anyone with any past experiences with voice control—the
idea of operating a browser by voice. In addition to the broad, general claim,
the narrower idea also claimed is that a specific vocabulary and probablility
structure for use by a recognizer would be attached to each hypertext docu-
ment and would be set up to be activated when the document is viewed.—
DLR

6,859,778

43.72.Ne METHOD AND APPARATUS FOR
TRANSLATING NATURAL-LANGUAGE SPEECH
USING MULTIPLE OUTPUT PHRASES

Raimo Bakis et al., assignors to International Business Machines
Corporation
22 February 2005 (Class 704/277); filed 16 March 2000

This elaborate speech recognition and translation system would in-
clude a variety of related capabilities, including word or phrase spotting, and
language understanding and translation. But the capability most strongly
emphasized is the ability to speak a given phrase with various moods, into-
nations, emotions, dialects, accents, loudness, or rates of speech. There is
but the briefest discussion of just how this is all to be done, mainly by
relying on a variety of tables of various sorts. No further details are given.—
DLR

6,868,383

43.72.Ne SYSTEMS AND METHODS FOR
EXTRACTING MEANING FROM MULTIMODAL
INPUTS USING FINITE-STATE DEVICES

Srinivas Bangalore and Michael J. Johnston, assignors to AT&T
Corporation
15 March 2005 (Class 704/254); filed 12 July 2001

This speech recognition system would receive inputs from one or more
nonspeech channels, such as a gesture indicator, in addition to the usual
audio speech channel. The only examples discussed of gesture inputs seem
to involve the speaker pointing at various items displayed on a computer
screen. Several pages of patent text describe a finite state parser used to
analyze such gestural inputs.—DLR
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6,871,179

43.72.Ne METHOD AND APPARATUS FOR
EXECUTING VOICE COMMANDS HAVING
DICTATION AS A PARAMETER

Thomas A. Kist et al., assignors to International Business
Machines Corporation
22 March 2005 (Class 704/275); filed 7 July 1999

This patent addresses the problem of separating control commands
from dictated content in a speech recognizer used for dictation. According to
the relatively brief discussion presented here as to how this task is to be
accomplished, a fairly simple finite state grammar would be able to distin-
guish the “patterns of speech” which would be spoken when a control
command is issued. In one short example, a company meeting announce-
ment is parsed to separate the meeting time, place, and subject matter. In a
second example, a set of files pertaining to “first quarter results” is to be
loaded. This hardly seems to be the stuff of novel invention.——DLR

6,885,735

43.72.Ne SYSTEM AND METHOD FOR
TRANSMITTING VOICE INPUT FROM A REMOTE
LOCATION OVER A WIRELESS DATA

CHANNEL

Gilad Odinak et al., Bellevue, Washington
26 April 2005 (Class 379/88.1); filed 29 January 2002

To facilitate reliable recognition of voice commands without a large
amount of computing power, for example, by a mobile phone in a vehicle,
front-end voice recognition processing, including noise and echo cancella-

RECEIVE USER'S VOICE AT USER SysTEM 20 |-~ 10

k.

PERFORM FRONT-END SOUND
PROCESSING USING PROCESSOR 34

| 102

4

PACKAGE PROCESSED VOICE
INFORMATION FOR WIRELESS DELIVERY

104
-~

TRANSMIT PACKAGED PROCESSED VOICE |~ 106
INFORMATION FROM USER SYSTEM 20 TO SERVER

SYSTEM 40 VI4 WIRELESS DATA CHANNEL 6¢

COMPLETE SPEECH RECOGNITION |/~ /08
PROCESSING USING SERVER 42

PERFORM REQUIRED FUNCTIONS ACCORDING |10
T0 THE COMPLETED SPEECH

RECOGNITION PROCESSING INSTRUCTIONS

tion, is performed in the remotely located user system. The preprocessed
output is sent wirelessly to a server which completes the speech recognition
activity—DAP
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6,885,989

43.72.Ne METHOD AND SYSTEM FOR
COLLABORATIVE SPEECH RECOGNITION
FOR SMALL-AREA NETWORK

James Gordon McLean et al., assignors to International Business
Machines Corporation
26 April 2005 (Class 704/235); filed 2 April 2001

Multiple computing devices, such as several mobile devices commu-
nicating on a network via Bluetooth, share audio data and speech recogni-
tion results. Audio streams are first captured by at least one capturing device

Capture speech as at /202

least one audio stream
by at least one
capturing device.

Produce text sireams
from atleastone | “/
audio stream by at
least one recognition
device.

- 206
Determine the best /

recognized text
stream.

END

such as a PDA equipped with a microphone. Then, at least one text stream is
produced after audio capture by each recognition device. The text stream
recognized best is ultimately selected. —DAP

6,889,191

43.72.Ne SYSTEMS AND METHODS FOR TV
NAVIGATION WITH COMPRESSED
VOICE-ACTIVATED COMMANDS

Arturo A. Rodriguez et al., assignors to Scientific-Atlanta,
Incorporated
3 May 2005 (Class 704/275); filed 3 December 2001

To increase reliability and the number of commands possible from
voice-activated remote controls of consumer appliances such as televisions,
stereo equipment, and cable and satellite receivers, speech recognition is
performed in a digital home communication terminal (set-top box) rather
than in the remote control. A microphone in the remote picks up the voice
signal and digitally transmits it to the set-top box.—DAP

6,881,889
43.75.St GENERATING A MUSIC SNIPPET

Lie Lu et al., assignors to Microsoft Corporation
19 April 2005 (Class 84/616); filed 3 June 2004

A snippet in this case includes the “most salient” segment of a song.
After generically describing computer hardware in the beginning of the 21st
century, the algorithmic details are exposed. After segmenting the song into

2113 J. Acoust. Soc. Am., Vol. 118, No. 4, October 2005
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frames, the next step is to select the “most salient” frame. Each frame can
be given a salience value, which is the product of the relative position of the
frame in the song, the frequency of appearance, and the energy, or ampli-
tude, of the frame. The frame frequency is the most complex measure. It
uses a clustering measure across all frames and is computed from the clus-
tering. Next, the song is segmented across ‘“‘musical sentences’ using am-
plitude as a guide for beginning and ending of the sentence. The snippet
must include the most salient frame.—MK

6,881,890

43.75.Wx MUSICAL TONE GENERATING
APPARATUS AND METHOD FOR GENERATING
MUSICAL TONE ON THE BASIS OF DETECTION
OF PITCH OF INPUT VIBRATION SIGNAL

Shinya Sakurada, assignor to Yamaha Corporation
19 April 2005 (Class 84/654); filed in Japan 27 December 2002

At issue is an electronic trumpet. There are two tone generators, one
for the breathy attack (i.e., noise) and one for the steady state and decaying
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brass tone. An additional wrinkle is the use of a pitch detector at the quasi-
mouthpiece and a fingering-to-pitch conversion table—MK

6,881,892

43.75.Wx METHOD OF CONFIGURATING
ACOUSTIC CORRECTION FILTER FOR STRINGED
INSTRUMENT

Hideo Miyazaki et al., assignors to Yamaha Corporation
19 April 2005 (Class 84/736); filed in Japan 19 February 2002

Like adding a body response to a solid body guitar, these inventors
want to add a body response to a stringed instrument like a violin. So, the
idea is to use a mute and measure one frequency response (how is not
detailed). Then, measure without the mute and compute the difference (in
the frequency domain). Additionally, they note that the phase is adjusted to
make it minimum phase. Then a FIR filter is designed. The references no-
tably omit previous work on adding body resonance to solid body instru-
ments well before this patent was filed. —MK
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6,888,058
43.75.Wx ELECTRONIC MUSICAL INSTRUMENT
Tomomitsu Urai et al., assignors to Yamaha Corporation

3 May 2005 (Class 84/737); filed in Japan 10 January 2002

This patent proposes a mix of equalization and artificial reverberation
applied to electric pianos and synthesizers. As shown, the output of the
loudspeakers 16 is received by the microphones 20. An ‘““‘Automatic Adjust-
ment Unit” controls the attenuators 32, equalizers 34, FIR filters 36, and
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finally reverb 51. The final result is output on the speakers 18. Being a
feedback system, the output of the speakers could result in howling feed-
back. The solution is the use of pink noise by the controller, which adjusts
the attenuators and the equalizers. The FIR filters supply artificial reflections
from the sound board or enclosure.—MK

6,883,639
43.80.Qf STETHOSCOPE

Jack Lam and Yung Hsiang Chen, assignors to Health
& Life Company, Ltd.
26 April 2005 (Class 181/131); filed 19 November 2003

This version of a stethoscope is designed either for multitasking or for
a one-armed physician, in that only one hand is needed to remove the stetho-
scope from the ears. This is achieved by squeezing together the semirigid
separated tubes which connect to the earpieces and which come together

near the distal end (i.e., the chestpiece). As shown in the figure, this has the
effect of increasing the distance between the earpieces sufficiently for them
to drop away from the ears.—DRR
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6,887,199
43.80.Qf BRAIN ASSESSMENT MONITOR

Keith Bridger et al., assignors to Active Signal Technologies,
Incorporated
3 May 2005 (Class 600/300); filed 12 March 2002

This noninvasive brain assessment monitor is designed to detect brain
trauma, strokes, tumors, and changes in brain blood flow patterns resulting
from injury or disease. The device includes a head-mounted brain sensor
that passively detects acoustic signals generated by pulsing blood flow

Subject Under Aooustic
Test Scasor(s)
Acoustic Signak(s)
Laptop hosted Display and
Labview System Plotter
Data Recording

through a patient’s brain. A reference sensor may be positioned at another
location to sense an arterial pulse, so that the signals from the brain sensor
and the reference sensor may be compared.—DRR

6,887,208

43.80.Qf METHOD AND SYSTEM FOR ANALYZING
RESPIRATORY TRACT SOUNDS

Igal Kushnir and Meir Botbol, assignors to Deepbreeze Ltd.
3 May 2005 (Class 600/529); filed 9 January 2003

This body sound analyzer consists of several transducers strategically
placed over the thorax. Each transducer at a specific location generates a
signal indicative of pressure waves at its respective location. A processor
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receives signals from the group of transducers and determines an average
acoustic energy for a least one position over a time interval.—DRR

6,887,203

43.80.Qf OPHTHALMOLOGICAL
ULTRASONOGRAPHY SCANNING APPARATUS

Scott Howard Phillips and Christopher Grant Denny, assignors to
Ultralink Ophthalmics Incorporated
3 May 2005 (Class 600/445); filed in Canada 6 January 2000

This apparatus provides optical scanning of the eye through the use of
a virtual center translocation mechanism that is said to facilitate precise
arcuate motion of an ultrasonic transducer to sustain the focal distance from
the eye and to maintain the ultrasound beam normal to the contour of the
eye. A radius adjustment mechanism is provided to vary the radius of ultra-
sonic scanning to enable positioning of the transducer focal point on se-
lected surfaces of the eye. Centrarion optics are applied to align the ultra-
sonic transducer with the Purkinje (or other optical or geometric) axis of the
eye. A hygiene barrier eyeseal protects the patient from the possibility of
infection..—DRR
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6,884,216

43.80.Vj ULTRASOUND DIAGNOSIS APPARATUS
AND ULTRASOUND IMAGE DISPLAY
METHOD AND APPARATUS

Yasuhiko Abe and Takuya Sasaki, assignors to
Kabushiki Kaisha Toshiba
26 April 2005 (Class 600/440); filed 1 December 2003

A physiological parameter is imaged and an arbitrary line in the image
is selected. Along the line, an ultrasound m-mode record is produced. At a
position selected by a curser in the m-mode image, a temporal and a spatial
profile are produced. The m-mode image, the temporal profile, and the spa-
tial profile are simultaneously displayed.—RCW
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6,890,302

43.80.Vj FREQUENCY DOMAIN PROCESSING
OF SCANNING ACOUSTIC IMAGING
SIGNALS

Michael G. Oravecz et al., assignors to Sonoscan, Incorporated
10 May 2005 (Class 600/443); filed 13 November 2001

A target is scanned with a pulsed acoustic beam and a time-domain
signal that results from interaction of the beam with the target is obtained.
The time-domain signal is processed to produce a frequency-domain repre-
sentation of the signal as modified by the interaction. The frequency-domain
representation is displayed, altered, and then reconverted to a time-domain
signal that is also displayed. —RCW
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This Letters section is for publishing (a) brief acoustical research or applied acoustical reports, (b)
comments on articles or letters previously published in this Journal, and (c) a reply by the article author
to criticism by the Letter author in (b). Extensive reports should be submitted as articles, not in a letter
series. Letters are peer-reviewed on the same basis as articles, but usually require less review time
before acceptance. Letters cannot exceed four printed pages (approximately 3000-4000 words) in-
cluding figures, tables, references, and a required abstract of about 100 words.

Measurement of absorption with a p-u sound intensity probe

in an impedance tube (L)

Yang Liu® and Finn Jacobsen®
Acoustic Technology, Qrsted*DTU, Technical University of Denmark, Building 352,
Orsteds Plads, DK-2800 Kgs. Lyngby, Denmark

(Received 28 January 2005; revised 4 July 2005; accepted 5 July 2005)

An alternative method of measuring the normal-incidence sound absorption of a sample of material
in an impedance tube is examined. The method is based on measurement of the sound pressure
and the normal component of the particle velocity using a “p-u” sound intensity probe. This
technique is compared with the traditional, well-established “transfer function method” based on
two pressure microphones. The results suggest that the new method can be as accurate as the
established method, but whereas the influence of transducer mismatch on the transfer function
method can be eliminated using a simple ‘“sensor-switching technique,” the method based on
a p-u intensity probe relies on accurate calibration of the probe. © 2005 Acoustical Society of

America. [DOL: 10.1121/1.2010387]

PACS number(s): 43.20.Ye, 43.58.Bh, 43.58.Fm [AJZ]

I. INTRODUCTION

There are two well-established methods of measuring
normal-incidence absorption coefficients and other properties
in an impedance tube terminated by a sample of the material
under test: the traditional method based on measuring the
standing wave ratio frequency by frequency, and the method
based on two pressure microphones and excitation with a
broadband signal. An early version of the latter method in-
volving measurement of the cross spectrum and the auto
spectra of the two microphone signals was proposed by Sey-
bert and Ross in 1977." However, the “two-microphone”
method in prevailing use was developed by Chung and Bla-
ser a few years later.” This method is known as the “transfer
function method” since it involves measuring the transfer
function between the two microphone signals.2 Both the tra-
ditional standing wave method and the transfer function
method are standardized,3 “ but the transfer function method
is much faster and more convenient than the standing wave
method. Its errors and limitations have been analyzed by
several authors.™®

A particle velocity transducer called the “Microflown”
has recently become available,” and various “p-u” sound in-
tensity probes based on combining this transducer with a
small pressure microphone are now in production.8 Our pur-
pose with this note is to examine an alternative to the transfer

“Electronic mail: gordan69@163.com
Y Author to whom correspondence should be addressed; electronic mail:
fja@oersted.dtu.dk
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function method, based on measuring the sound pressure and
the particle velocity at a point in the impedance tube using a
Microflown sound intensity probe.

Il. OUTLINE OF THEORY

The sound field in the tube consists of an incident plane
wave and a reflected plane wave. The transfer function
method is based on’

— o ks
_Hnm e o (1)
J—Hy o

where R is the ratio of the sound pressure of the reflected
wave to the sound pressure of the incident wave at the ter-
mination (at x=0), H|, is the transfer function between the
two microphone signals, k is the wave number, s is the
distance between the microphones, and / is the distance
between the material under test and microphone No. 1.
The absorption coefficient of the termination is

a=1-|R]%. (2)

The method based on measuring the pressure and the
particle velocity is even simpler. Since the sound pressure is

p=pi(e™+Re M), (3)
and the particle velocity is
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FIG. 1. Estimated absorption coefficient with an amplitude error of 0.5 dB
and with a phase error of 2°, calculated assuming a “true” reflection factor
of 0.1, 0.5, and 0.9, with /=30 cm.

u,=LH(eH — ReTM), (4)
pc

where pc is the characteristic impedance of air, it follows
that the reflection factor is

1 —pcH,, o
L+ pcH,,

2kl’ (5)

where H,,, is the transfer function from the sound pressure
to the particle velocity.

In principle both methods require well-matched trans-
ducers. However, in practice amplitude and phase mismatch
between the two pressure microphones used in the transfer
function method are eliminated by the “sensor-switching
technique” suggested by Chung and Blaser.” This technique
involves measuring the transfer function twice, the second
time with the microphones interchanged. Unfortunately,
there is no similar simple technique for removing mismatch
between the pressure and the velocity transducer; it is neces-
sary to calibrate the device very carefully.

lll. ERRORS AND LIMITATIONS

In practice one must allow for small residual calibration
errors of the p-u intensity probe. Uncompensated residual
amplitude and phase mismatch means that H,, becomes
H,,(1+€)e/%, where ¢ is the fractional amplitude error and
¢, is the phase error. The estimated reflection factor now
becomes

1 — pcH,,(1 + &)e/%

R= :
1+ pcH,,(1 +g)e’%

o, (6)

where
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FIG. 2. The Microflown %-in. sound intensity probe.

oK _ Re=ik
= Ty e 7
Figure 1 shows estimated absorption coefficients calculated
with an amplitude error of 0.5 dB and a phase error of 2°
for three different values of the “true” reflection factor R,
0.1, 0.5, and 0.9. Obviously the error depends on kl. A
more interesting observation is that phase mismatch is
more serious than amplitude mismatch, and that both er-
rors are much more critical if the sample under test is
strongly reflecting. (The various sources of error in the
transfer function method also have a more serious influ-
ence when the sample under test is strongly reﬂecting.6) It
is not easy to calibrate the velocity channel of the p-u
probe with smaller errors than 0.5 dB and 200

IV. EXPERIMENTAL RESULTS

In order to compare the new method with the established
transfer function method some experiments have been car-
ried out in an aluminum tube of quadratic cross section with
dimensions 7 X7 cm excited by a loudspeaker driven with
random noise and terminated by various samples of materials
at the other end. Since the mounting of the sample under test
is of critical importance for the accuracy of any tube method
of measuring absorption10 the two measurements took place
immediately after each other without remounting the sample.
The two pressure signals needed for the transfer function
method were measured with two Briiel & Kjar (BK) micro-
phones of type 4192, and the pressure and particle velocity
signals needed for the alternative method were measured us-
ing a Microflown %-in. p-u sound intensity probe. This de-
vice measures the sound pressure and the particle velocity
component in a direction perpendicular to the axis of the
transducer; see Fig. 2. A BK “Pulse” analyzer of type 3560 in
the FFT mode was used for all the measurements; postpro-
cessing of the measured frequency responses was done using
MATLAB. The first mode of higher order can propagate in
tube above 2.4 kHz; therefore the frequency range was lim-
ited to 2 kHz. Before the measurements took place the Mi-
croflown velocity channel was calibrated relative to the pres-
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FIG. 3. Absorption coefficient of a wedge of mineral wool. Transducer
positions (a) near the material, and (b) far from the material.

sure channel by exposing the devise to the sound field
generated by a small loudspeaker at a distance of 4 m in
DTU’s large anechoic room. The calibration procedure has
been described in Refs. 9 and 11.

Figures 3(a) and 3(b) show the results of the two meth-
ods with a highly absorbing termination of the tube, a
30-cm-long wedge of mineral wool terminated by a rigid
cap, measured using different positions in the tube. It is ap-
parent that the wedge absorbs sound very well from 200 Hz
and upwards. The results shown in Fig. 3(a) have been de-
termined with the Microflown probe in the hole nearest the
absorbing material and with the two pressure microphones in
the two holes nearest the material; the results shown in Fig.
3(b) have been determined with the Microflown probe 21 cm
further from the material and with the two pressure micro-
phones in the two holes furthest from the material. The two
methods are in excellent agreement when the transducer po-
sitions closest to the material are used. The agreement is fair,
but less perfect with the other positions. The sharp dip in the
results of the transfer function method at 1.3 kHz is due
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FIG. 4. Apparent absorption coefficient of the open tube.

to the distance between the microphones (13 cm) being
half a wavelength—at this frequency Eq. (1) becomes
indeterminate—but otherwise the transfer function method is
not affected by the transducer positions. There is no obvious
explanation for the small irregularities observed in all curves
between 680 Hz and 1 kHz, but since all the measurements
are in agreement the explanation may well be related with
mechanical resonances.

Figure 4 shows the apparent absorption coefficient of the
open tube, using the transducer positions closest to the open-
ing. An open tube has the advantage that its reflection factor
can be predicted theoretically, if only for an unflanged tube
of circular cross section.'” At low frequencies the opening of
the tube reflects sound strongly (in antiphase), but above
1 kHz a significant fraction of the incident sound energy is
“absorbed,” that is, radiated. The two methods are in good
agreement. The fluctuations of the two curves are mainly
caused by background noise from outside of the tube. How-
ever, both curves differ somewhat from the theoretical solu-
tion, in all probability because the expression derived in Ref.
12 is for a tube of circular cross section.

The (small) deviations that have been observed between
the absorption coefficient measured with the transfer func-
tion method and the absorption coefficient determined with
the method based on measurement of sound pressure and
particle velocity may well be due to imperfect calibration of
the velocity transducer.

V. CONCLUSION

A method of measuring normal-incidence absorption co-
efficients with a sound intensity probe that provides the
sound pressure and the particle velocity at the same position
has been examined by comparing with the well-established
transfer function method based on two pressure microphones
in an impedance tube. The results, which also have implica-
tions for in situ measurements of the acoustic impedance of
materials with p-u probes, show that this method can be as
accurate as the transfer function method. However, whereas
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the influence of transducer mismatch on the transfer function
method can be eliminated with a simple sensor-switching
technique there is no similar way of removing phase and
amplitude mismatch between the two transducers of the
p-u probe; they must be calibrated within a tolerance of
0.5 dB and 2°.

ACKNOWLEDGMENT

The authors are indebted to Microflown Technologies
BV for lending us a p-u sound intensity probe.

'A. F. Seybert and D. F. Ross, “Experimental determination of acoustic
properties using a two-microphone random-excitation technique,” J.
Acoust. Soc. Am. 61, 1362-1370 (1977).

. Y. Chung and D. A. Blaser, “Transfer function method of measuring
in-duct acoustic properties. I. Theory,” J. Acoust. Soc. Am. 68, 907-913
(1980).

*ISO 10534-1:1996, “Acoustics—Determination of sound absorption coef-
ficient and impedance in impedance tubes—Part 1: Method using standing
wave ratio.”

2120 J. Acoust. Soc. Am., Vol. 118, No. 4, October 2005

e} 10534-2:1998, “Acoustics—Determination of sound absorption coef-
ficient and impedance in impedance tubes—Part 2: Transfer-function
method.”

A.FE Seybert and B. Soenarko, “Error analysis of spectral estimates with
application to the measurement of acoustic parameters using random
sound fields in ducts,” J. Acoust. Soc. Am. 69, 1190-1199 (1981).

°H. Bodén and M. Abom, “Influence of errors on the two-microphone
method for measuring acoustic properties in ducts,” J. Acoust. Soc. Am.
79, 541-549 (1986).

"H.-E. de Bree, “The Microflown: An acoustic particle velocity sensor,”
Acoust. Aust. 31, 91-94 (2003).

SR. Raangs, W. F. Druyvesteyn, and H.-E. de Bree, “A low-cost intensity
probe,” J. Audio Eng. Soc. 51, 344-357 (2003).

°F. Jacobsen and H.-E. de Bree, “Measurement of sound intensity: p-u
probes versus p-p probes,” Proceedings of Noise and Vibration Emerging
Methods 2005, Saint Rapha¢l, France, 2005.

10A. Cummings, “Impedance tube measurements on porous media: The ef-
fect of air-gaps around the sample,” J. Sound Vib. 151, 63-75 (1991).

E. Jacobsen and H.-E. de Bree, “A comparison of two different sound
intensity measurement systems,” J. Acoust. Soc. Am. 118, 1510-1517
(2005).

"’H. Levine and J. Schwinger, “On the radiation of sound from an unflanged
circular pipe,” Phys. Rev. 73, 383-406 (1948).

Y. Liu and F. Jacobsen: Letters to the Editor



Correcting echo-integration data for transducer motion (L)
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When calculating biomass estimates using acoustic echo-integration it is necessary to account for
the change in pointing direction of the transducer between transmission and reception. It is shown
that a single correction function can be obtained for a wide range of circular transducers, thus
removing the need for the correction to be recalculated for each individual transducer. This
correction function is also applicable to those transducers whose beam pattern approximates that of
a circular transducer. © 2005 Acoustical Society of America. [DOI: 10.1121/1.2005927]

PACS number(s): 43.30.Ft, 43.30.Yj, 43.30.Vh, 43.60.—C [DRD]

I. INTRODUCTION

An important aspect of any quantitative assessment of
fish stocks is the correction of errors associated with the
measurement technique. One source of error in acoustic bio-
mass estimates obtained using echo-integration is the change
in transducer pointing direction between transmission and
reception. The acoustic biomass will be biased low if this is
not accounted for. This problem has been discussed by Stan-
ton (1982) using a circular transducer and by Furusawa and
Sawada (1991) for sinusoidal transducer motion. In general,
however, while the effect of transducer motion is well
known, corrections for it are not widely applied.

One reason for this may be that in some situations the
corrections required are acceptably small, for example when
the targets of interest are close to the transducer or when the
motion of the transducer is minimal. This is certainly not
always the case; Kloser et al. (2001) reported correction fac-
tors on the order of 1.10-1.5 for a survey of orange roughly
and Stanton (1982) obtained corrections of up to 1.64 for a
collection of targets at 400 m. Data from acoustic surveys
around New Zealand frequently require significant correc-
tions, either because the species of interest occur in deep
water [e.g., orange roughy (750—1200 m) and oreos
(600—1200 m) (Paul, 2000)] or because the survey area is
prone to poor weather (e.g., the Campbell plateau to the
south of New Zealand where average wind speeds can ex-
ceed 25 knots). In addition, if the transducer is in a towed
body, for example to reduce weather-induced surface losses
and shadowing effects, it will tend to move more quickly
than one mounted on a large vessel; Doonan et al. (2003), for
example, obtained corrections from 1.13 to 1.84 for a survey
of orange roughly using a deep-towed system.

Another possible reason why this correction is not more
widely applied is the need to perform a nontrivial numerical
integration to determine the motion correction factor for each
different transducer beam pattern. While performing these
calculations for a number of circular transducers it was noted
that there was a high degree of similarity in the shape of the
correction function. This suggested that a single relationship
could be obtained which would represent the correction for a
wide range of transducers. A relationship of this nature is
presented, which allows the error due to transducer motion to
be determined without the need to recalculate the correction
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for each transducer. Many transducers have a main lobe
which approximates that of a circular transducer and this
work is also applicable to these.

Il. METHODS
The motion correction factor, «, is given by

B max (V)

v (1)

K

where max indicates the maximum value and W is the direc-
tivity of the transmit and receive transducers. The directivity,
W, is given by

T (2
W=f f B}(0.4)B}(6.¢)sin ¢ dOd¢. (2)
0 0

where B,(0,¢) and B,(0,¢) are the beam patterns of the
transmitting and receiving transducers and are assumed to be
identical apart from being pointed in different directions. 6
and ¢ are the azimuthal and zenith angles (Anton, 1988) (see
Fig. 1); note that these are defined opposite to Stanton
(1982).

For a circular transducer where the transmit and receive
directions are equal,

J(ka si
B,=p = ikesing) 3)
ka sin ¢

where J| is the first-order Bessel function of the first kind,
k=2/\, \ being the acoustic wavelength, and a is the trans-
ducer radius. The transducer radius is related to the full-
width half-power beamwidth of the transducer, a, by

(2J1(ka sin(a/2))>2 1
ka sin a/2 2

(4)

By making the variable substitution z=ka sin a/2, Eq. (4)
becomes

2
e

Z
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X

FIG. 1. Coordinate system used for calculating motion correction factors, 6
and ¢ are the azimuthal and zenith angles, respectively. The angle between
the transducer pointing direction on transmission (transmit) and reception
(receive) is the separation angle y from which the motion correction factor
is calculated.

Let x be the unique solution to Eq. (5), then y=ka sin a/2
=1.616 399... Defining

sin ¢
=y——— =kasin 6
€ Xsin(a/2) asin ¢ ©
then allows Eq. (3) to be written as
Jy(e
B,=B,= 19 (7)
€

In the case where the transmit and receive directions are
separated by some angle 7, the directivity W, and hence the
motion correction factor «, becomes a function of y. The
separation angle vy is the angle between the transmit and
receive transducer normals (see Fig. 1) and, for a real sys-
tem, would be calculated from measured pitch and roll val-
ues using simple trigonometry.

Motion correction factors were calculated for circular
transducers with beamwidths from 1° to 20°. For each trans-
ducer, « was calculated at separation angles from 0° to the
transducer beamwidth. Although « exists for separation
angles greater than this, differences between the theoretical
and real beam patterns mean that the error in the correction
increases substantially. Thus, a separation angle equal to the
transducer beamwidth is a practical upper limit.

It was observed that the graphs of « for transducers of
different beamwidths showed a high degree of similarity
which suggested that a single relationship could be obtained
which would represent the correction for a wide range of
transducers. While there are an infinite number of functional
forms which could be used for «, only three are considered
here. The first, «(sin(vy)/sin(a/2)), was suggested by observ-
ing that Eq. (7) expresses the integrand of Eq. (2) in a “non-
dimensional” form and furthermore that y in Eq. (6) is a
constant. While it should be stressed that there is no direct
connection between them, the form of Eq. (6) suggested
that the functional form «(sin(y)/sin(a/2)) could be a
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FIG. 2. Motion correction factors, «, versus beam separation angle, 7y, for
circular transducers with beamwidths, «, of 1°, 10°, and 20°.

suitable candidate. In addition, two other possibilities
k(sin(y/2)/sin(a/2)) and «(y/a) were also investigated.

lll. RESULTS

Motion correction factors for circular transducers with
beamwidths of 1°, 10°, and 20° are shown in Fig. 2. Ignoring
the different x axis limits on the plots, it can be seen that «
has a similar functional form over a wide range of beam-
widths.

Figure 3 plots « for circular transducers with beam-
widths from 1° to 20° against sin(vy)/sin(«/2). The variation
over this range of beamwidths is less than 1% which sup-
ports the hypothesis that « could be expressed as a function
of sin(7y)/sin(a/2). Plotting k against other combinations of
variables, for example sin(y/2)/sin(«/2) and y/a, produces
similar results but with greater variation.

These results show that a single relationship can be ob-
tained which represents the motion correction for a wide
range of circular transducers. While there are potentially
other functional forms with even lower variation across the
range of beamwidths, searching for these would be highly
computationally intensive and beyond the scope of this work.

An analytic approximation to k can be obtained by fit-
ting a constrained polynomial to the mean of the data in Fig.
3. The fit constraints are «(0)=1 and «=1. The fifth-order
polynomial fit is

%3

¢ 05 1 1.5 2
sin(y} / sin{o/2)

FIG. 3. Motion correction factors, «, for circular transducers with beam-

widths, «, from 1° to 20°. For each beamwidth, « was calculated for sepa-
ration angles, vy, from 0° to «°.

Adam J. Dunford: Letters to the Editor



k=0.170 83x° — 0.396 60x* + 0.538 51x> + 0.137 64x>
+0.039 645x + 1, (8)

where x=sin(7y)/sin(«/2). This polynomial approximation
to k has fit residuals of less than 0.2%.

IV. CONCLUSION

Despite the wide knowledge of the errors due to trans-
ducer motion it is rare to see explicit corrections in the lit-
erature. Correction factors on the order of 1.0-1.3 can be
expected for most acoustic systems (MacLennan and Sim-
monds, 1992), with larger corrections being necessary as the
angular motion between transmission and reception becomes
comparable to the transducer beamwidth.

It has been shown that the theory of Stanton (1982) can
be generalized to derive a single correction function which is
applicable to a wide range of circular transducers. The same
correction is also applicable to those transducers whose main
lobe approximates that of a circular transducer. This removes
the need for the computationally intensive and complex cal-
culations required to generate a correction function for each
transducer. To perform this correction only knowledge of the
motion and beam pattern of the transducer are required.
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Stimulus-frequency otoacoustic emissions measured with
amplitude-modulated suppressor tones (L)

Stephen T. Neely, Tiffany A. Johnson, Cassie A. Garner, and Michael P. Gorga
Boys Town National Research Hospital, 555 North 30th Street, Omaha, Nebraska 68131

(Received 7 April 2005; revised 8 July 2005; accepted 13 July 2005)

Stimulus-frequency otoacoustic emissions (SFOAEs) are typically derived as the difference in
sound pressure in the ear canal with and without a suppressor tone added to the probe tone. A novel
variation of this method applies a sinusoidal amplitude modulation (AM) to the suppressor tone,
which causes the SFOAE to also be modulated. The AM-SFOAE can be separated from the probe
frequency using spectral methods. AM-SFOAE measurements are described for four normal-hearing
subjects using 6-Hz AM. Because the suppressor modulation is at a higher rate, the AM-SFOAE
technique avoids the confounding influence of heartbeat, which also modulates the probe tone.
© 2005 Acoustical Society of America. [DOI: 10.1121/1.2031969]

PACS number(s): 43.64.Jb [BLM]

I. INTRODUCTION

Stimulus-frequency otoacoustic emissions (SFOAEs)
are signals that originate within the cochlea at the same fre-
quency as the evoking tonal stimulus, which we call the
probe tone. The separation of the emission from the stimulus
is a challenge for SFOAE measurements because they occur
at the same frequency. To separate these responses, a com-
mon method for SFOAE measurement is to use two inter-
vals, one with and one without a suppressor tone (e.g., Dries-
bach et al., 1998; Schairer et al., 2002; Shera and Guinan,
2003). The suppressor frequency (f;) is chosen to be close
enough to the probe frequency (f,) to interact with it within
the cochlea, but far enough away that spectral techniques can
be used to distinguish it from the probe within the ear canal.
The suppressor inhibits the cochlear generation of the
SFOAE and causes the SFOAE measured in the ear canal to
be reduced or eliminated. The SFOAE is then extracted from
the response interval without the suppressor by subtracting
the response in the interval with the suppressor. This subtrac-
tion is sometimes called vector subtraction because it in-
cludes both real and imaginary parts of the complex spectral
components at the probe frequency.

A variation on the vector subtraction technique is de-
scribed here, in which the suppressor amplitude is modulated
sinusoidally instead of being presented at a constant level.
When this method is used, the influence of the suppressor on
SFOAE generation varies continuously. As a result, the
SFOAE measured in the ear canal is modulated in its ampli-
tude at the same rate that the suppressor amplitude is modu-
lated. This amplitude modulation allows the SFOAE to be
separated from the probe using spectral techniques instead of
vector subtraction.

Il. METHODS

The theory behind the amplitude-modulated (AM)
SFOAE technique is described first for the simpler case of
constant probe level. Our implementation of the AM-SFOAE
technique included an additional variation in probe level
which occurred at a much slower rate than the amplitude
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modulation. This probe level variation allowed input/output
(I/O) functions to be measured efficiently, but is not an
essential part of the AM-SFOAE technique.

A. Theory

The total ear-canal pressure can be modeled as the sum
of four components

p(t) = pstim(t) + poae(t) + pignor(l) + pnoise(t) s

where pjgo(t) contains pressure components that are the
result of higher-order distortion sidebands (e.g., due to
nonlinearities in the earphone) that are synchronized to
the stimulus and p,.;(f) contains random pressure com-
ponents (e.g., cable rub, swallowing, and heartbeat) that
are not synchronized to the stimulus. The stimulus pres-
sure waveform includes the probe and suppressor

Psim(?) = pprobe(t) + psuppr(t) .

The probe component is a tone with constant amplitude A,
and frequency w,=27f,

pprobe(t) = Ap COS(a)pt) .

The suppressor component is a tone with constant frequency
w,=2mf; and sinusoidally modulated amplitude

Psuppr() = A[1 + a; cos(w,,t) |cos(w,t),

where «; is the modulation depth (0<a,<1), w,=27f,, is
the modulation frequency, and A; is the unmodulated ampli-
tude of the suppressor. The suppressor component can also
be represented as the sum of three spectral components,

1 1
Psupprlt) = As[cos(wst) + 5, cos(wgt) + 5 a cos(wmt)],

where wy=w,—w,, and w,=w+w,, are lower and upper
sideband frequencies, respectively, relative to the suppres-
sor frequency. For simplicity, the tones and modulation
are specified here as having zero phases.

When the probe and suppressor components combine
within the cochlea, they will interact and produce additional
distortion components due to the vibration of nonlinear ele-
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maximum amplitude when the suppressor is at its minimum
amplitude and vice versa,

preﬂ(t) =Ar'{l -, COS[(,L)m(t - tin)]}cos[wp(t - [in)]a

where f,, represents the travel time (of both the probe and
suppressor) to the tonotopic place of the probe and a, is
the modulation depth of the reflected component at the
probe frequency. The reflected component can also be
represented as the sum of three spectral components,

Pre(t) = A{cos[w,(t = 1,,)] - @, cos[w,(t - 1;,)]
— 2@, cosLwy,(1— 1)1},

where ©,=0w,-0, and o,,=w,+w,, are lower and upper
sideband frequencies, respectively, relative to the probe
frequency and A, is the unmodulated amplitude of the re-
flected component. The reflected component will travel
back to the ear canal, where we observe it as p,(f). For
simplicity, we choose to ignore the reflected component at
the probe frequency and consider p.,.(f) to be the sum of

the upper and lower sidebands
poae(t) =Aol COS((UPII + (Pol) + Aou COS(U)put + (Pou) .

If we assume that p,,.(¢) is related to p,.q(¢) by an outward
travel time f¢,, and attenuation «, then A, =A,,=
_%aoutarAr’ Pol=— pl’(tin+t0ut)’ and <Pou=_wpu'(tin+tout)-
Note that when «,=1, the sidebands contain half the total
power of the reflected component. Note also that the dif-
ference in phase between the two sidebands provides an
estimate of the round-trip travel time

ol = Pou= 2w, - (tin + toul) >

To explore the effectiveness of AM suppressors, we rap-
idly (6 Hz) modulated the amplitude of the suppressor while
slowly (0.015 Hz) varying the level of both probe and sup-
pressor. Our stimulus was 131 s in duration and contained
two complete cycles of probe-level variation, ranging be-
tween 0 and 60 dB SPL. The suppressor, which was always
present, varied in level between 30 and 70 dB SPL coinci-
dent with probe-level variation, while simultaneously being
sinusoidally amplitude-modulated (99%) at a much higher
rate of 6 Hz.

Our measurements were made using an ER-10C probe
system (Etymotic Research) and locally developed software
(SYSRES, Neely and Stevenson, 2002). Frequency-domain
heterodyne analysis (Kim ef al., 2001; Guinan et al., 2003)
was used to extract the slow variation of both stimulus and
response component levels from the recorded waveforms.

The level variation of the probe (thick line) and suppres-
sor (thin line) are illustrated in Fig. 1. These responses were
recorded with our measurement system in a 2-cm® acoustic
cavity and show signs of being influenced by environmental
noise at the lowest probe level. The bandwidth that was used
to analyze the stimulus-component levels for this figure was
wide enough to also reveal the 6-Hz modulation of the sup-
pressor, shown by the rapid excursions of the upper line in
the figure. Figure 2 shows the spectrum of the same cavity
response. The (unmodulated) probe is situated at f,=2 kHz.
The suppressor is centered at f;=1920 Hz with several side-
bands at 6-Hz intervals from 1920 Hz. The spectrum of the
digital stimulus had only one pair of sidebands. The other
sidebands are presumably due to intermodulation distortion
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FIG. 2. Spectrum of the AM-SFOAE
stimulus in an acoustic cavity. The
probe was at 2000 Hz and the suppres-
sor was centered at 1920 Hz. The side-
3 bands at 6-Hz intervals around the
suppressor frequency are due to ampli-
tude modulation of the suppressor.
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FIG. 3. Spectra of AM-SFOAE measurements. The top panel, measured in
a cavity, shows only the 2000-Hz probe frequency. The middle panel, mea-
sured in a deaf ear, show sidebands at 1.25-Hz intervals due to heartbeat
modulation, but no evidence of any modulation due to the suppressor. The
bottom panel, measured in a normal ear, shows evidence of suppressor
modulation at +6 Hz from the probe frequency, in addition to heartbeat
modulation.

imposed by the ER-10C. However, this distortion does not
contaminate the SFOAE measurement, because the cavity
response demonstrates that there is no significant interaction
between probe and suppressor in our measurement system.
This conclusion is based on the observation that there are no
sidebands within 40 Hz of the probe frequency f;,.

In addition to cavity measurements, we also made mea-
surements in four normal-hearing ears and one deaf ear. The
deaf ear contained a cochlear implant, which was not acti-
vated at the time of the measurement. The deaf ear represents
a biological system in which an SFOAE should not be
present and provides a test of the linearity of our measure-
ment system.

lll. RESULTS

Spectral measurements from a cavity, deaf ear, and nor-
mal ear are compared in Fig. 3. The spectra are centered at

f,=2 kHz and include a 10-Hz range on either side of f,,. The
top panel (cavity) demonstrates the absence of interaction
between the probe and suppressor in our measurement Sys-
tem as evidenced by the lack of any measurable response at
f,+6 Hz. Likewise, the middle panel (deaf ear) shows no
evidence of the influence of the suppressor, based on the
absence of components at f,+6 Hz. However, the deaf ear
shows clear evidence of modulation at 1.25 Hz, including
harmonics of this frequency. The 1.25-Hz modulation is pre-
sumably due to a heartbeat pulse rate of 75 per minute.
Heartbeat modulation was frequently, but not always, ob-
served in other ears. It was identified by the appearance of
sidebands located 1 to 1.5 Hz relative to the probe fre-
quency. In the lower panel, we see clear evidence of modu-
lation at f,=6 Hz in addition to what is presumed to be
heartbeat modulation. The modulation at f,+6 Hz is due to
interaction between the probe and suppressor within the co-
chlea because it is not evident either in an acoustic cavity or
in the deaf ear (i.e., a nonfunctioning cochlea). We used the
level of the combined energy from both sidebands (L,,.) to
represent the AM-SFOAE level. For the results shown in
Fig. 3, the spectra were computed over the entire 131 s
stimulus interval. As a result, the spectral levels are domi-
nated by the maximum levels attained within that interval. In
the case of a normal cochlea (bottom panel), the maximum
SFOAE exceeded the noise floor by about 25 dB.

The probe and suppressor levels varied slowly in our
stimuli to allow I/O functions to be determined for the range
of levels over which the probe varied. These I/O functions
were constructed by plotting the time course of the SFOAE
level as a function of the time course of the probe level.
Figure 4 shows SFOAE I/O functions in four normal ears
(superimposed) at each of four probe frequencies. The solid
lines represent the combined energy of the upper and lower
6-Hz sidebands of the probe. Our stimulus actually produced
two I/O functions: one for increasing probe level and one for
decreasing probe level. Upward and downward excursions of
the I/O function were averaged together to produce a single
I/0O function. The dashed lines represent the combined noise
energy at both 6-Hz sideband frequencies, obtained by sub-
tracting the first and second halves of the response wave-
form. Although there is variation in the I/O functions across
subjects, some general trends were noted. The SFOAEs were
largest at 4 kHz, but also were systematically present at 1
and 2 kHz. However, at 8 kHz, the SFOAEs were reduced in
two subjects and did not exceed the noise floor at any probe
level in the other two subjects.
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IV. DISCUSSION

The AM-SFOAE technique described above may be at-
tractive because it eliminates the confounding influence of
probe-frequency modulation due to physiological influences,
such as heartbeat. It also eliminates the need for vector sub-
traction, which may be an advantage when maintaining sta-
tionarity across two separate measurements is difficult. When
combined with slow variation of probe and suppressor levels,
the AM-SFOAE method can be used to obtain complete
SFOAE 1/O functions in a relatively small amount of time.
However, the AM-SFOAE technique may also be attractive
when used with constant-level probes because vector sub-
traction is not needed.

The AM-SFOAE technique could be used to estimate
the round-trip travel time from the ear canal to the SFOAE
generation site and back to the ear canal. As described above,
this travel time estimate is based on the phase difference
between the sidebands and should be similar to other SFOAE
round-trip travel time estimates (e.g., Shera and Guinan,
2003). Travel-time resolution might be improved by increas-
ing the modulation rate above 6 Hz; however, the extent to
which travel-time resolution can be improved is limited be-
cause the spectrum of the suppressor with higher modulation
rates will spread to higher frequencies and eventually overlap
the probe frequency. The possible contamination of the re-
sponse due to overlapping spectra makes it unclear whether a
higher modulation rate would be beneficial to the AM-
SFOAE technique.

The suppressor level was selected in this study to keep it
above the probe level without becoming excessively loud at
the highest probe levels. Some attempts were made to deter-
mine suppressor levels that would produce the largest AM-
SFOAE levels in our four subjects; however, the results were
not consistent across subjects or frequencies. Hence, it is still
undetermined what suppressor levels provide the best results
with this technique.

SFOAE I/O functions recently described by Schairer et
al. (2003) were about 10 dB higher in level than those shown
in Fig. 4. This difference might be attributed to two factors.
(1) The sidebands contain only half the power of the total
reflected component, so the AM-SFOAE level would be ex-
pected to be 3 dB lower than the SFOAE level obtained by
vector subtraction. (2) Our suppressor levels were lower than
those used by Schairer et al. and probably did not achieve
100% amplitude modulation of the reflected component
level. Despite the lower 1/O function levels, the AM-SFOAE
may still have the advantage of greater signal-to-noise ratio.
The I/O functions in Fig. 4 are sometimes 25 dB above our
measured noise, whereas the Schairer et al. 1/0 functions
were rarely more than 15 dB above their measured noise.
They attributed the elevated noise at the highest probe levels
to an unknown biological source. In light of the present re-
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sults, the increased noise that they observed may have been
due to heartbeat modulation, which was not separated from
the SFOAE by their measurement technique.

A different SFOAE technique that involved amplitude
modulation was recently described by Goodman et al.
(2004). In that case, the probe (not the suppressor) was
modulated and the purpose of the modulation was to inves-
tigate OAE latency, not SFOAE level. Their latency esti-
mates were based on temporal features of the SFOAE mea-
surement, instead of the spectral methods typically employed
to measure SFOAE latency. Although the use of AM-SFOAE
measurements to estimate travel time was described above as
a spectral method, an alternative approach based on temporal
features should work equally well.

V. CONCLUSIONS

Measurement of SFOAEs using an amplitude-modulated
suppressor appears to be a viable technique which may have
some advantages over other methods. In particular, the spec-
tral separation of the SFOAE allows the contaminating influ-
ence of heartbeat modulation to be eliminated and does not
require vector subtraction to identify the SFOAE.

It is not necessary to vary the probe level to use this
method (although doing so provides a means of obtaining the
entire SFOAE 1/O function quickly). Amplitude-modulated
suppressors may also provide an effective means of measur-
ing SFOAEs with constant probe levels and stimuli less than
1 s in duration.
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The tongue stops here: Ultrasound imaging of the palate (L)
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This letter presents a method for imaging the palate and extracting the palate contour from
ultrasound images. Ultrasound does not usually capture the palate because the air at the tongue
surface reflects the ultrasound beam back to the transducer. However, when the tongue touches the
palate during a swallow, the ultrasound beam is transmitted through the soft tissue until it reaches
and is reflected by the palate. In combination with tongue contours, the palate contour has the
potential for disambiguation of the tongue surface, registration of images within and across subjects,
and calculation of phonetically important measures. © 2005 Acoustical Society of America.

[DOL: 10.1121/1.2031977]
PACS number(s): 43.70.Jt [AL]

I. INTRODUCTION

Ultrasound has been used to image the surface of the
tongue during speech and swallowing for more than
20 years, beginning with Sonies er al. (1981). Ultrasound
provides real-time images of the tongue surface as a video
sequence. Data are easy to collect and the procedure is non-
invasive, making the methodology suitable for use with any
subject, including patients and children. One of ultrasound’s
limitations is that only the upper tongue surface appears in
the image. Information on other vocal tract structures, such
as the palate, would enhance interpretation of the tongue data
by providing a vocal tract reference. This paper presents a
method for using ultrasound to collect palate contours for use
as a reference for tongue movements during speech and
swallowing.

Once palatal contour information is available, it allows
important applications of ultrasound imaging which are not
otherwise possible. For example, Wrench and Scobbie
(2003) and Mielke ef al. (2005) use a palate tracing to better
describe subjects’ articulations. The present letter addresses
three applications. First, the palate contour can be overlaid
on raw tongue images to disambiguate the location of the
tongue surface. Second, by providing a reference within
headspace, the palate contour may be used for within and
across subject registration of ultrasound images. Finally, in
combination with tongue contours, the palate contour allows
the computation of phonetically important measures, such as
the location and degree of constrictions in the oral cavity.

Il. BACKGROUND

When imaging the tongue the ultrasound transducer is
placed beneath the chin. The ultrasound beam travels upward
through the tongue body and reflects back from the upper
surface because the air has a different acoustic impedance
than the tissue. This reflection produces a white line on the
ultrasound image. Weaker echoes occur between boundaries
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of similar densities such as tissue-to-tissue or tissue-to-water.
Tissue-to-tissue interfaces occur between muscles, fat, and
connective tissue within the tongue. A tissue-to-water inter-
face occurs between the tongue surface and the bolus during
a swallow. When either the tongue or a bolus of liquid makes
contact with the hard palate or velum the ultrasound beam
reflects off the palate (see Fig. 1). The beam reflects off the
near side of the bone or, in the case of the velum, the air on
the nasal side of the soft tissue. Ultrasound images of the
tongue surface and palate are limited anteriorly and posteri-
orly by “acoustic shadows” (black regions) created by refrac-
tion of the ultrasound beam off the mandible and hyoid
bones (see Fig. 1).

The palate is normally not seen on an ultrasound image
because the ultrasound beam reflects off the air in the vocal
tract and never reaches the palate. However, during a swal-
low the tongue makes full contact with the palate as the
bolus is propelled backward. The palate contour may be ob-
served during either dry (saliva) or wet (liquid bolus) swal-
lows. Wet swallows allow the sound to pass through the wa-
ter and reflect from the palatine bone. However, wet
swallows may introduce an artifact because the ultrasound
beam can reflect off air ingested with the bolus of water.
Since the air stays above the water in the mouth, a bright
reflection occurs and can be mistaken for the palate. Figure 2
shows an ultrasound video frame with a reflection off a bolus
of water that could be mistaken for the palate.

Data from two subjects executing three to five different
kinds of command swallows (e.g., dry, wet, soda, different
size boluses) demonstrate that palatal images can be col-
lected from all types of swallows (Epstein et al., 2004). Vari-
ability among measured palates is fairly small. There is a
4 mm maximum difference between palate traces for subject
1 across ten swallows; there is a 2 mm maximum difference
for subject 2 across three swallows. Measurement and instru-
mental error account for up to 1 mm. The rest of the vari-
ability may be due to air trapped in the bolus.

© 2005 Acoustical Society of America



FIG. 1. Ultrasound image of the palate and tongue surface during a 3-cc
water swallow. Both the palate and the tongue are visible because of the
partial transmission/reflection of the ultrasound beam by the bolus of water.
The shadow of the jaw bone obscures the most anterior portion of the
tongue.

Anecdotally, palate images are sometimes clearer with
wet rather than dry swallows. Consequently, it is useful to
collect several types of command swallows and measure the
clearest one. In addition, continuous swallowing is especially
good because after several swallows the initial air has been
swallowed and only water boluses remain. There is also an-
ecdotal evidence that drinking a glass of water before the
experiment brightens the ultrasound image of the tongue,
possibly because of greater hydration of the tissue (Arch-
angeli, private communication). Encouraging subjects to
drink water during the experiment may also brighten the
image. Although it is possible for sound to pass through to
the palate by having the subject “press” his/her tongue
against the entire palate at once, subjects often have diffi-
culty doing this well, and full contact cannot be guaranteed,
especially for the velum.

Features of the palate image may vary during the swal-
low and the palate contour may need to be extracted from
multiple frames over time as the bolus passes through the
vocal tract. The data points for the contour are collected from
the front to the back, corresponding to the passage of the
bolus through the tract. Initial frames show good alveolar
edges and later frames good vault and velar edges. To in-
crease accuracy of intra- and intersubject registration, par-

superimposed
palate contour
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hycide™ -~ jaw
shadow shadow
water
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FIG. 2. Reflection of a bolus of water. A palate contour from a dry swallow
is superimposed on the ultrasound image (small black and white dots). Note
how the water bolus reflection is below the palate contour along the poste-
rior edge.
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hyoid jaw

FIG. 3. Ultrasound image illustrating bend between rugae and vault of the
palate for subject 2 during a dry swallow. In this frame the tongue contour is
curved and the palate contour has an angular bend (marked by white arrow).
The lower edge of the palate contour should be extracted.

ticular attention should be paid to tracing of palatal land-
marks. Subjects tend to have a bend between the rugae and
the vault (this is also seen on the dental cast). If no bend is
seen on the palatal contour, the tongue—not the palate—may
have been measured and careful inspection of the images
may show a frame in which the bottom of the white line is
curved and the top bent (see Fig. 3). This line contains both
tongue and palate data. The lower edge of the palate (be-
tween the two lines) should be extracted if at all possible.
The bend at the velar/palatal junction can also be used as a
landmark by observing frames with velar lowering.
Ultrasound images of the hard palate and velum may not
be directly comparable by visual inspection to a digital mid-
sagittal dental cast representation of the palate for some sub-
jects for several reasons. First, the amount of mucosa cover-
ing the palatine bone is thicker posteriorly than anteriorly
(see Fig. 4). Ultrasound represents the palatine bone,
whereas the dental cast represents the mucosa. Anteriorly, the
mucosa is quite thin, 1 mm or less. Posteriorly, the mucosa is
thicker and there is a larger distance between the bone and
soft tissue surface. Second, the velum is minimally captured,
if at all, on a dental cast to prevent a gag reflex; however, the
velum is visible on the ultrasound image. Thus the ultra-

chin rest

100.00

FIG. 4. A 0.4-mm midsagittal CT slice (iCAT, Imaging Sciences Interna-
tional) of subject sustaining /t/. Note how the palatal mucosa thickens from
anterior to posterior and the thickness of the velum. Figure courtesy of Ian
Wilson, University of British Columbia.
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sound palate extends farther back than the dental cast. In
addition, the velum may be more than 10 mm in thickness
(Kuehn and Kahane, 1990; Kuehn, private communication).
On the dental cast the oral side of the velum is captured, and
the velum will be in an open position to accomodate the
subject’s breathing. On the ultrasound image the velar reflec-
tion is usually the nasal side since the sound passes through
the tissue and reflects off the air in the nasal cavity. More-
over, the velum is closed at certain times during the swallow.
Thus, the cast reflects the more rounded surface of the un-
evenly thick mucosa and, if captured, a lowered velum. The
ultrasound image reflects the more level palatine bone and
the nasal side of the (possibly raised) velum. A final differ-
ence occurs because the anterior portion of the hard palate,
including the alveolar ridge, is often not visible in the ultra-
sound palate, due to a posterior transducer angle or to obscu-
ration by the acoustic shadow cast by the jaw or by air un-
derneath the tongue. Therefore the ultrasound palate will
likely be shorter anteriorly due to the jaw shadow, and longer
posteriorly due to velar imaging, when compared to the den-
tal cast. However, not all subjects show all the above de-
scribed differences.

Three types of tongue-palate relationships can occur
when comparing a palate contour with tongue contours of
certain speech sounds, such as high front stops (e.g., /t,d/)
and high back stops (e.g., /k,g/). First, the tongue contour
may appear to merge with the palate contour. This is because
when the tongue touches the palate the ultrasound beam trav-
els through the tongue and reflects off the palate and not the
surface of the tongue. Second, the tongue contour may lie
above the palate contour. Then it is possible that at least part
of the palate contour is an artifact (e.g., air in the bolus of
water). Finally, the elevated tongue may not appear to touch
the palate. For the back consonants this may be due to varia-
tions in the thickness of the palatal mucosa and velum. For
front consonants the palatine bone may be several millime-
ters higher than the mucosal palate or the point of contact for
front consonants may be obscured by the shadow of the jaw
and the air beneath the tongue. An additional confound exists
for rapid motions, like stop consonants; they tend to be un-
dersampled at the ultrasound frame rate of 30 Hz. Therefore,
it is possible that the maximal frame imaged is not actually
the maximal tongue position for the stop.

lll. APPLICATIONS

To demonstrate the use of palates in ultrasound-based
speech research, three applications are described based on
palates and speech articulations collected from 12 archived
data sets (five females and seven males; ages range from
16 to 34 years). Due to the archival nature of the data, only
dry swallows are available for analysis. The same ultrasound
machine (Acoustic Imaging, Inc., Phoenix, AZ, Model
AI5200S) is used for all 12 subjects. The transducer for all
subjects is a 2.0-4.0 MHz multifrequency convex-curved
linear array transducer that produces 30 90° wedge-shaped
scans per second. Focal depth is 10 cm. Ultrasound and au-
dio data are collected while subjects are seated in a dental
chair positioned supine, then upright. Subjects wear a cervi-
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FIG. 5. Tongue and palate contours for five subjects (centimeter scale).
Tongue tips are to the right.

cal collar with ultrasound transducer attached to restrain head
motion and stabilize the transducer. Unless otherwise speci-
fied, the data discussed here are from the upright position.
Palates are collected from either the frame with the most
anterior hyoid bone shadow or reconstructed based on palatal
landmarks (e.g., the palatal bend posterior to the rugae) over
several frames of the swallow. For validation of the extracted
palate contours for subjects 1-5, word-initial /d/ and /g/ are
collected from the words “dash” (“‘dack” for subject 2) and
“golly” to locate the palates relative to the tongue contours.
Tongue contours for /d/ and /g/ are extracted from the frame
where the tongue reaches the maximum constriction height
before the release burst seen in the simultaneously collected
acoustic signal. Tongue and palate contours are measured
using the Maryland Tongue Analysis Package (MTAP), con-
sisting of EdgeTrak, a semi-automatic system for the extrac-
tion and tracking of tongue contours (Li et al., 2005), and
Surfaces, a contour-sequence display and analysis program
(Parthasarathy et al., 2005). Palate and tongue contours for
subjects 1-5 are displayed in Fig. 5.

The first application is the use of the palate as a refer-
ence for tongue contours. Figure 5 displays tongue and pal-
ate contours for subjects 1-5. Note how the palate contour
disambiguates the location for the constriction for the /g/
tongue contour. Furthermore, the posterior edge of the palate
contour provides a landmark for the division between the
oral and pharyngeal regions of the tongue contour.

The second application is using the palate for registra-
tion across subjects or sessions. Data collected from two sub-
jects or sessions may differ in transducer angle. Imposing the
palate contour on the tongue data makes this rotation clear.
For example, in Fig. 5, the palate for subject 5 appears ro-
tated further forward compared to the other subjects. This
indicates that for subject 5 the ultrasound transducer is ro-
tated backward more than the other subjects when the data
was collected. This is because the ultrasound video display
always positions the transducer as if it were pointed upward;
a backward transducer rotation when transformed in this way
rotates all the imaged data anteriorly. To determine what reg-
istration is needed to overlay two data sets, landmarks on
palatal contours may be aligned. For a single subject’s data,
two landmarks can be used: the intersection of the velum
with the hard palate (in a frame where the velum is lowered)
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FIG. 6. Block differences between the palate and the tongue contours or
between the two tongue contours for subject 1. The contours from Fig. 5 are
segmented between the vertical lines. The contours are divided into two
equal length segments (anterior and posterior) and average nearest-neighbor
differences are calculated between the contours for each segment.

and the angle between the rugae and the vault. Across sub-
jects, caution should be exercised due to different sizes of the
palate and differences in vault angle.

Once these landmarks are identified, they can be used to
spatially align two palates by rotating and translating the
subject’s palate at time 2 to overlay the palate with time 1.
The alignment parameters are then applied to the tongue data
at time 2 to align the two tongue data sets. The following
describes the results of a study aligning palate traces from
subjects 1-12 in upright and supine positions. The rugae
landmark is identified in both palate traces. Palate 2 (supine)
is then rotated and translated to overlay palate 1 (upright).
The alignment parameters are then applied to the tongue data
at time 2 to align the two tongue data sets. Results of the
alignment indicate that of the 12 palate pairs, eight differed
in anterior-posterior length. Four of these eight have virtually
identical palatal traces (maximal difference of less than
1 mm) and four differ only in velar angle. Three additional
subjects have a maximal difference between 2—5 mm, and
one has two entirely different shapes. There is only one col-
lected swallow per subject, therefore, the nature of the error
for this last subject could not be determined or rectified.

The final application discussed here is to use the palate
contour for the computation of phonetically important mea-
sures, such as the constriction degree and location. For ex-
ample, Fig. 6 shows local differences between the palate and
the tongue contours for subject 1. The local differences are
calculated by first cutting the contour and the palate to the
same length in the x direction. The contours are then resa-
mpled to have 50 points and a nearest-neighbor difference is
calculated for each point. Finally, the contours are divided
into equal length segments (in this example two segments—
anterior and posterior—are used) and average nearest-
neighbor differences are calculated between the palate and
the tongue contour for each segment. As can be seen in the
figure, these differences indicate that for /d/ the palate-
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tongue distance decreases from back to front and for /g/ the
distance increases from back to front. Without a palate con-
tour, it would only be possible to make comparisons in loca-
tion directly between /d/ and /g/ and none in absolute vocal
tract constrictions. The advantages of comparing tongue con-
tours to a single reference palate increase when analyzing a
large data set (e.g., several phonemes or an entire sentence),
the alternative being comparing each phoneme to all the oth-
ers or to an arbitrary reference phoneme or rest position.

IV. CONCLUSIONS

The inclusion of a representation of the hard and soft
palate in an ultrasound image has the potential to increase
our ability to interpret and assess tongue contours. Although
there are some limitations in the collection and interpretation
of ultrasound images of the palate, palate contours are useful
for disambiguation of the tongue surface, across and within
subject registration, and for the calculation of phonetically
interesting measurements in the oral cavity. The addition of
palate information facilitates the reduction and enhances in-
terpretation of the data by providing an oral cavity reference,
subject and session registration, and a second vocal tract
structure for quantitative analyses. With the inclusion of the
palate, ultrasound imaging can present the tongue in its
proper position in the vocal tract.
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This paper focuses on increasing the accuracy of low-order (four-node quadrilateral) finite elements
for the transient analysis of wave propagation. Modified integration rules, originally proposed for
time-harmonic problems, provide the basis for the proposed technique. The modified integration
rules shift the integration points to locations away from the conventional Gauss or Gauss-Lobatto
integration points with the goal of reducing the discretization errors, specifically the dispersion error.
Presented here is an extension of the idea to time-dependent analysis using implicit as well as
explicit time-stepping schemes. The locations of the stiffness integration points remain unchanged
from those in time-harmonic case. On the other hand, the locations of the integration points for the
mass matrix depend on the time-stepping scheme and the step size. Furthermore, the central
difference method needs to be modified from its conventional form to facilitate fully explicit
computation. The superior performance of the proposed algorithms is illustrated with the help of

several numerical examples. © 2005 Acoustical Society of America. [DOI: 10.1121/1.2011149]

PACS number(s): 43.20.Bi, 43.20.Px, 43.20.Fn [LLT]

I. INTRODUCTION

Finite element analysis with direct time-stepping meth-
ods has been widely applied to simulate transient acoustics
(see, e.g., Refs. 1-3). These procedures incur errors due to
discretization, which can be classified into amplitude error
and dispersion error. The dispersion error is caused by the
approximation of wave velocities and results in unwanted
oscillations around the wave front, thus polluting the results.
This phenomenon is especially problematic for large-scale
wave propagation problems; when the wave travels for long
distances, the dispersion error accumulates, and the numeri-
cal artifacts grow, making the solution cluttered. A side effect
of the dispersion error is that the amplitude error also in-
creases as the wave disperses. It is important, therefore, to
minimize the dispersion error to obtain accurate solutions for
long-range propagation problems.

A straightforward way of reducing the dispersion error is
to use a finer mesh and smaller time-step size. However,
such a refinement comes with significant computational
overhead. Other dispersion reduction techniques involve
higher-order finite elements, e.g., Taylor-Galerkin schemes
combined with higher-order spatial discretization® and an ex-
plicit six-stage time-march with a seven-point spatial
operator.5 These methods also demand a significantly high
computational cost, making some of the large-scale simula-
tions expensive. Space-time discretizations® fall in the same
category as they require high computational cost. If possible,
it is desirable to reduce the dispersion error for low-order
schemes such as those using low-order finite elements with
standard Newmark or central difference time-stepping tech-
niques. The development of such methods for bilinear quad-
rilateral elements is the subject of this paper.
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The fundamental feature of the simulation of transient
waves is the coupling of spatial and temporal discretization
errors. The error in the wave velocity, which is a measure of
the dispersion error, depends on the wavelength error result-
ing from spatial discretization and the frequency error result-
ing from temporal discretization. Numerous dispersion re-
duction methods have been employed to reduce the
dispersion error. The time-stepping algorithms and their in-
fluence on temporal dispersion and dissipation have been
analyzed in the literature (see, e.g., Hughes7). The dispersion
properties of bilinear quadrilateral elements and linear trian-
gular elements have been analyzed with diagonal and nondi-
agonal mass matrices in uniform meshes.® Analyses of com-
binations of spatial and temporal discretizations for wave
propagation can also be found in the literature.”'” Krieg and
Key11 studied temporal dispersion control, realized the op-
posing effect of lumped and consistent mass matrices and
suggested matching the mass computation with the time-
stepping algorithm. However, their method is robust only for
one-dimensional problems and loses accuracy when applied
to higher dimensions. Similar difficulties are also faced by
the semi-empirical method, developed by Wang et al.,'* as
well as the technique of local spatial averaging of the veloc-
ity, introduced by Krenk."

The inability of the above-mentioned methods to in-
crease the accuracy in a multidimensional simulation is
closely related to the numerical anisotropy; that is, the dis-
persion error is dependent on the direction of the wave
propagation. Since most of the methods are developed for
one-dimensional meshes, they are effective for one or only a
few propagation direction(s). A desirable dispersion reduc-
tion method needs to eliminate or reduce the velocity error in
all directions simultaneously.

One of the successful approaches for the reducing dis-
persion error in time-harmonic analysis is the modified inte-
gration rules' (recently, it has been brought to our attention
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that this idea has been developed carlier,”” but was not pub-
lished in the open literature). By simply changing the loca-
tion of the integration points for the system matrix evalua-
tion, the wave-number error and the anisotropy were
decreased significantly. In this paper, the modified integra-
tion rules are extended for transient analysis to reduce the
error in the wave velocity resulting from coupled spatial and
temporal discretization. We found that, provided that the in-
tegration points are chosen carefully, the numerical wave ve-
locity can be made fourth-order accurate, as opposed to the
second-order accuracy obtained from conventional finite el-
ement methods.

The outline of the paper is as follows. Section II con-
tains a discussion of the Galerkin finite element method for
solving acoustic wave problems and the concept of modified
integration rules. Section III presents the dispersion relation-
ships resulting from numerical discretizations in space and
time. Dispersion-reducing schemes are developed for im-
plicit time-stepping in Sec. IV. In Sec. V, modified integra-
tion rules are developed for the half-step central difference
method (hereafter referred to as CDM), resulting in explicit
computation with fourth-order accuracy. Section VI focuses
on evaluating the performance of the proposed methods with
the help of numerical examples. The paper is concluded in
Sec. VII with some closing remarks.

Il. PRELIMINARIES

A. Finite element formulation for scalar wave
propagation

The scalar wave equation governing the propagation of
acoustic and antiplane shear waves is given by

&
ﬁ—;;—c%V%t:O, (1)

where u is the field variable and ¢ is the wave velocity.
Since the primary concern of the paper is dispersion associ-
ated with the propagation of disturbances, we do not con-
sider body forces and assume homogeneous boundary con-
ditions. The initial conditions are given as

u(x,0) = tg(x), %(X,O) = 0y(x), 2)

where, uy,v, are the initial displacement and velocity, re-
spectively.

Using classical variational calculus, the above differen-
tial (strong) form of the boundary value problem can be con-
verted to the following variational (weak) form:

(v,&z—b;) +C%(VU,VM)Q:0. (3)
at" /) g

The notation, (-, -)q, is used for the inner product over the
domain, (), defined as follows:

(f.8)a= Lfg . 4)

For a numerical solution of the above variational boundary
value problem, the (Bubnov) Galerkin finite element method
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can be used. Thus, u and v are approximated as u” and v"
that take the form,

u"(x,1) = N(x)U(1),

)
v"(x,0) =N(x)V(?),

where N is the shape function matrix, U is the discretized
field variable (degree of freedom vector), and V is the dis-
cretized form of v. By substituting Eq. (5) into Eq. (3) we
obtain the semidiscrete system,

MU + ;KU = 0. (6)

In the above, K and M are stiffness and mass matrices, re-
spectively. They are obtained by assembling the element ma-
trices that are given by

Ke=f (VN)TVN 4Q,,
QL’

(7)
M, = f NN dQ,,
Qf

where (), is the domain of the element.
The semidiscretized system (6) is commonly solved us-
ing the Newmark method,'® which consists of the following:7

MUY 4 gKU™ Y =0,
) ) 4 A 4 AF G 4 2 g+
U =0+ AW + (120" +250V], - (8)

G = U0 4 Af(1 = H T 4 0],

The first equation in Eq. (8) is Eq. (6) written at t=t¢,,,, and
the other two are finite difference formulas describing the
evolution of the approximate solution. The parameters 8 and
v are the parameters of the method and determine the stabil-
ity and accuracy characteristics of the algorithm. The time-
stepping schemes derived from the Newmark method are
normally implicit, involving the solution of a linear system,
which could be expensive. The explicit CDM can also be
retrieved by choosing y=1/2 and B=0, resulting in a signifi-
cant reduction in computational cost. This paper analyzes the
performance of the explicit CDM method, as well as three
implicit schemes.

For the Newmark methods to be stable, y=1/2 is a
necessary condition. However, for the methods using 7y
>1/2, the dissipation error is introduced. For structural dy-
namics problems, this numerical dissipation is generally
viewed as desirable and often considered necessary to damp
out erroneous higher modes of semidiscrete structural
equation.7 On the other hand, in wave propagation problems,
this error should be avoided in order to minimize the distor-
tion of the wave fronts. For this reason, we choose y=1/2
for the remainder of the paper. With y=1/2, Eq. (8) can be
rewritten as
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(M + BAPGK) U™V + [- 2M + (1 - 2B APCKIU™ + (M
+ BAPCTK) U™ = 0. (9)

The above linear multistep form is chosen to facilitate the
analysis of the methods developed here.

B. Modified integration rules

Modified integration rules'*" are successfully used to

reduce the dispersion error in time-harmonics wave propaga-
tion problems and form the basis for the techniques devel-
oped in this paper. The fundamental idea behind the tech-
niques is simple; the integration points are shifted from the
conventional Gauss/Gauss-Lobatto integration points in or-
der to minimize the dispersion error. Specifically, the inte-
grals in Eq.(7) are first transformed into the master-
coordinate system with the help of isoparametric
formulation, and the resulting integrals are evaluated using
the modified integration rules. For a four-node quadrilateral
element, the stiffness and mass matrices in Eq.(7) are each
evaluated using modified 2 X 2 integration rules. The expres-
sion for the element stiffness and mass matrices are given by

(10)
M, = >, NT(2ay,, + ay)N(xay,, + ay,)det(J).

In the above, ay and «,, are the locations of the integration
points and serve as the parameters of the modified integra-
tion rules. The modified integration rules are justified by the
fact that the integration errors remain second order in spite of
the modifications and do not alter the convergence rate of the
finite element solution. In the case of time-harmonic wave
propagation problems, it turns out that the dispersion error is
red&d by a simple choice of these parameters (ax=ay,
=v2/3). The choice of these parameters is more involved for
transient problems, and is addressed in the remainder of the

paper.

lll. DISPERSION ERROR ANALYSIS

In this section, the dispersion error resulting from spatial
discretization (i.e., FEM with modified integration rules),
coupled with temporal discretization (i.e., the Newmark
method), is analyzed. For the differential equation (1), the
general solutions are plane waves of the form
¢! kox cos Brkoy sin 6-w0) where @ is the direction of wave propa-
gation with respect to the x axis, wy is the circular frequency,
and kg=wy/cy is the associated wave number. The wave
modes, Ui’j;, for the approximate problem [the solution of
Egs.(6) and (9)] take a similar form,

Uiny) — ei(kx cos f+ky sin B—wnAt)’ (1 1)

at time nAr and location (x,y), where k and w are the ap-
proximate wave number and frequency, respectively. It is
important to note that the propagation velocity for the ap-
proximate solution, c=w/k, is different from the exact wave
velocity, cy. The error in the wave velocity depends on the
wavelength of the mode, leading to an artificial dispersion of
the wave front.
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FIG. 1. Four-element nine-node finite element patch used for dispersion
error analysis.

The error in the wave velocity can be evaluated in the
following way. First, Eq. (9) is written in a form reminiscent
of the finite difference discretization of the governing equa-
tion (1). This is achieved by multiplying the system matrices
with the displacement vectors and writing the equation asso-
ciated with node (x,y), e.g., the multiplication of M U™ in
Eq. (9) results in an expression of

AMGUYD +2M (U] + U ) +2m (U0 + UV

(n+1) (n+1) (n+1) (n+1)
+ Mxy( Ux—Ax,y—Ay + Ux+Ax,y—Ay + Ux+Ax,y+Ay + Ux—Ax,y+Ay) :

(12)
In the above, the connectivity given in Fig. 1 is utilized, and
My, M, ,M,,M,, are elements in the mass matrix and are
given in Eq. (37). Other matrix-vector multiplications are
similar. We then substitute Eq. (11) into the resulting finite
difference equation and obtain an implicit relationship be-
tween ¢ and c,. Both the finite difference form and the rela-
tionship between ¢ and ¢ are lengthy and are not presented
here for the sake of brevity. Instead of writing an explicit
expression for ¢, we take the Taylor expansion with respect
to k and obtain a simplified, albeit approximate, polynomial
expression of the relative error in the wave velocity:

Co—C

kZ
= £|XXAX2 + )(yAy2 —(1=12B)cpArY

Co
+ O[(kAx)* + (kAy)* + (coAr)*], (13)
where

X. =3 cos? 0a§,, —2cos* H—3sin’ 0 coszﬂa%(,
(14)
Xy=—2+4cos’0—2 cos*0+3 sinfay,

-3 sin’@ cos’ Ha?(.

Since our goal is to minimize the above-noted error, we at-
tempt to annihilate the leading term by appropriately choos-
ing the integration parameters, ay, and ag. While such a
strategy was successful for the time-harmonic analys.is'4
even on rectangular grids, it turns out that it does not work
for transient analysis. Specifically, for nonsquare grids
(Ax# Ay), ), and ay that are required for dispersion reduc-
tion turn out to be dependent on the direction of the propa-
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gation. On the other hand, for square meshes (Ax=Ay=h),
the dispersion-reducing values of «,, and ay turn out to be
direction-independent. For this reason, and more importantly
because square meshes are the natural choice for transient
wave propagation analysis, the rest of the paper focuses on
square meshes. The leading-order error in wave velocities for
square meshes is obtained from Eq. (13) and is given by

(kh)?
24

242
coAt
(3aZ,-2) - (1-12P) th

+(4- 6a/f()00520 sin®6)| . (15)

It is instructive to note that only stiffness integration causes
anisotropy in the leading-order term, which is immediately
eliminated by choosing

ag= \/%, (16)
thus reducing the expression further to

(kh)*| caAr?

7 (3a/M—2)—(1—12,3)7 . (17)

In order to make the above expression zero, we need to
choose

\/ 2 (1 )chtz
oy = 3 + 3 48 2
The main difference between time-harmonic analysis14 and
transient analysis is that ay, is dependent on the time-step
size. It should also be noted that the above-noted expression
is consistent with the observations for time-harmonic analy-
sis in that when At approaches zero, the time-harmonic value
of \2/3 is recovered.

At first glance, Eq. (18) indicates that dispersion reduc-
tion can be achieved in a simple manner, similar to the one
used for time-harmonic analysis. Unfortunately, this is not
the case, as the stability of the time-stepping scheme is al-
tered by the location of the integration points. For y=1/2,
the Newmark method is only conditionally stable if S
<1/4 and the stability condition is given by7

(18)

1

At < —_—
wmax\'1/4 - ﬁ

(19)

where wp,,, is the maximum natural frequency of the sys-
tem. w,,, can be taken as the square-root of the largest
eigenvalue of K with respect to M for a single finite ele-
ment in the system. For a uniform square mesh with ele-
ment size, i, we obtain w,,, by solving the eigenvalue
problem, c(z)Ke—szezo, resulting in

2C0 4C0 )
haM’Vghail '

Opmax = max( (20)

Thus the stability condition, in the form of critical time-step
size, is given by
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hayy min(1,\3ay,/2)

At < /
2c  \1/4-p

1)

Alternatively, written in terms of the dimensionless time-step
size (7=cyAt/h), the stability condition becomes

a,; min(1, \EaM/Z)
< =

V1/4 - (22)

Therefore, it is important to obtain the appropriate value of
ay, satisfying the above condition as well as the dispersion
reduction condition (18), which is rewritten as

Ay = g+(§—4ﬂ)72

3 (23)

It turns out that satisfying conditions (22) and (23) is not
always possible and some compromise may be necessary. In
the next two sections, we attempt to balance accuracy and
stability for both implicit and explicit methods.

IV. DISPERSION-REDUCING TECHNIQUES
FOR IMPLICIT METHODS

In this section, we consider three special cases of the
Newmark method: constant average acceleration (CAA) with
B=1/4, linear acceleration (LA) with B=1/6, and Fox-
Goodwin (FOX) with B8=1/12. As mentioned earlier, we
choose y=1/2 to eliminate numerical dissipation.

A. Constant average acceleration method

The constant average acceleration method is uncondi-
tionally stable since S=1/4, and it appears that the disper-
sion error can be manipulated without any constraints. It is
easily observed from Eq. (15) that with the conventional in-
tegration points, (ax=ay= \s"m), the dispersion error is sec-
ond order and dependent on the propagation direction.
Whereas a simple choice of

ag = \/g’ ay = \/%(1 - 7'2)

removes the leading second-order error completely, and the
remaining fourth-order error is
(kh)*

1420 |3 —37% = (9—207%cos? #sin® 4].

(24)

(25)

Although this improvement is impressive, the time-step size
is limited by 7<<1. Otherwise, ai,lio, which is not realistic.
It may be possible to use the negative values of a,zw to evalu-
ate M, but the resulting matrix is not positive definite, thus
making it susceptible to numerical difficulties in solving the
linear system. This is of significant concern as the current
modification strips away the ability to choose an arbitrarily
high time-step size, if desired.

B. Linear acceleration method

Using B=1/6, the linear acceleration method has a
leading-order error of
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(kh)2

|(3 —2) + (4 - 6a3)cos’sin’0+ 7. (26)

To eliminate it, the only choice is

2 1
ag= \/; aM=\/§(2—72). 27)

To analyze the stability condition, we first substitute the val-
ues of B and ai into the stability condition (22), resulting in

3 2
T2$3a,2wmin<l,%). (28)

It is observed from Eq. (27) that a§4<2/ 3 and thus,
min(1,3a3,/4)=3a3,/4. After substituting the value of a;,
in Eq. (27) into Eq. (28) and simplifying the equation, we
obtain the stability condition of 7=0.732. It is clear that
the choice of Eq. (27) reduces the dispersion error while
increasing the critical time-step size; the conventional
method has a critical time-step size of 7<0.707. The lead-
ing error becomes fourth order,

kh
(144)0|(3 37 = (9 = 57)cos? @ sin’d|, (29)

indicating that the proposed procedure is an improvement
over the classical linear acceleration method.

C. Fox-Goodwin method

From Eq.(15), it is observed that when B=1/12, the
choice of

2
Qg = Ay = \/; (30)

removes the second-order error for the Fox-Goodwin
method, leaving a fourth-order error of

4
(kh) |(1— ) — 3 cos?0sin’)|. (31)

It can be shown from Eq. (21) that the critical time-step size
becomes 7= 1/V2 instead of 7=<1/2 for the standard Fox-
Goodwin method. Again, the proposed procedure is an
improvement over the Fox-Goodwin method with classi-
cal integration rules.

V. DISPERSION-REDUCING TECHNIQUES
FOR EXPLICIT METHODS

All the implicit methods discussed in the previous sec-
tion, when combined with the proposed modified integration
rules, are only conditionally stable. Even if they were uncon-
ditionally stable, they are not very desirable for wave propa-
gation problems. The accurate simulation of wave propaga-
tion often requires the dimensionless time-step size to be
around unity, indicating that the expense associated with im-
plicit computation may not be necessary. In this section, we
attempt to develop an explicit scheme based on the CDM.

For the CDM, we cannot simply set 8=0 and follow the
procedures used in developing the implicit methods, because
any choice of a;,# 1 will result in a nondiagonal mass ma-
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trix, and the scheme is no longer explicit. From Eq. (15) we
observe that the requirements of «;,=1 and =0 in the CDM
demands that ax=V2/3 and 7=1 for the second-order error
to be ehmlnated But Eq. (22) indicates the critical time-step
size of 7= \3/2 i.e., 7=1 is not stable. If T—\3/2 the dis-
persion error becomes k*h*/96, which is not fourth order.
Another choice is to let ag= xr’T/Z, and we have the critical
time-step size, 7< 1, and the dispersion error, ggk*h? sin’ 2.
Although they are both better than using the conventional
1ntegrat10n rule (aK V1/3 and 7=1) with the leading-order
error of 48k2h2 sin? 26, the second-order error is not elimi-
nated.

A. Modified (half-step) central difference method
(CDM)

In the following, we utilize a modified version of the
central difference scheme (used, e.g., by Krenk'® and Be-
lytschko et al.'). In Krenk," the diagonal mass matrix is
used when an inversion is needed, and a linear combination
of diagonal and consistent mass matrices is used otherwise,
thus retaining an explicit computation. In this paper, we re-
place the linear combination of mass matrices by modified
integration rules. The ideas are similar, but not equivalent.
As illustrated later, the proposed method performs better, es-
pecially because the modified integration rules are employed
even for the stiffness matrix.

In the modified CDM, the semi-discrete equation of Eq.
(6) is written as

DU=MV,
(32)
DV = - c]KU,

where D is the diagonal mass matrix and M and K are evalu-
ated using modified integration rules. Based on Eq. (32),
Krenk'® obtained the following time-stepping procedure:

UW=0"" + A MV,

(33)

\Y (n+1/2) _ V(n 172) _ ZAID KU(n

For the convenience of dispersion analysis, we rewrite Eq.
(33) as an equivalent linear multistep equation,
(U - 20" + UD) + APGD'MD KU = 0.
(34)
Since the procedure is different from the one considered in
Sec. III, a dispersion analysis needs to be performed again to

obtain the associated dispersion-reducing integration rule.
Such analysis is performed in the following.

B. Dispersion-reducing integration rule

We substitute the approximate solutions in Eq. (11) into
Eq. (34) to analyze the dispersion relationship. The first term
of Eq. (34) is simply
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2(cos wAr— 1)U, (35)

The matrix multiplications of the second term can be evalu-
ated in the following way, where only the interior is consid-
ered. The element matrices are

1
D h? 1
e 4 1 )
1
My M, M, M,
M, My, M, M,
M, = R (36)
M, M, M, M,
M, M, M, M,
K, K., K, K,
K| K Ko K Ky
‘ |Ky K, Ko K, |
K, K, K. K
where
My=h*(1+a;)%16, Ky=(ag+1)/2,
M,=M,=h(1-a)/16, K.=K,=-az/2, (37)

M =h*(1-ap)*16, K, =(ag-1)2.

The global matrices are assembled based on the nodal con-
nectivity. By using a nine-node stencil, shown in Fig. 1 (with
Ax=Ay=h), the row associated with the center node (x,y) in
the global stiffness matrix, K, is

[+ Ky 2K, K,y 2K, 4K) 2K, K,y 2K, K,y -+ 1. (38)

Note that all the omitted components are zero, since they are
not connected to the center node. In vector KU(”), the com-
ponent corresponding to the center node (x,y) is then

4KOUX”)), +2K,(UY,  + U, ) +2K,U_, +U", )

(UA —h,y- h+U(+hy h+U(+h)+h+U(nh)+h) (39)

Substituting Eq. (11) and other approximate solutions, the
above expression simplifies to

4(Ky+K,C, + K,C, + K, C,C,)U, (40)
where
C,=cos(kh cos ), C,=cos(khsin ). (41)

Other components can be obtained similarly.

The multiplication with D~ is trivial. The evaluation of
M(KU™) is similar to the procedure of evaluating KU™.
Thus, the second term of Eq.(34) associated with the center
node turns out to be

16c5A72 | (Mo + M C, +M,C, + M,,C,C,)

(n)
ht | X(Ky+K,C,+K,C,+K,C.C,) Vs
0 xX&x y&y Xy~ x“-y

(42)

After substituting Egs. (42) and (35) into Eq. (34), we solve
for the wave velocity c:
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h*(1 = cos ckAf)

Co=
" (Mo+M,Cy+ M,Cy + M,,C,C,)
X (Ky+K,C,+K,C,+K,,C,C))

(43)

By substituting Eq. (37) into the above equation and taking
the Taylor expansion with respect to k, we have

co—cC (kh)2

|(4 3a )—72+(4—6a%<)sin2000s20|

Co
+ 0((kh)4). (44)

The choice of integration points to remove the second-order

error is then
2 /1
= -, = — 4— 1'2 y
ag \/g M 3( )

which leaves a fourth-order error of

(45)

kh)*
( ——|(8 = 1072 +27%) = (19 = 107 + 57*)cos? #sin’ 6.
1440

(46)

C. Stability analysis

We follow the von Neumann’s method'®'" of stability

analysis, i.e., we let U"*V=AU", where A is the amplifica-
tion factor. Considering the equation associated with node
(x,), the first term of Eq. (34) is given by

L)
A-2+5|Ul.

The second term is given by Eq. (42), which we denote by
BUi"y)_ Eliminating Ui"}) from Eq. (34), one can obtain A by
solving the quadratic equation,

A+ (B-2)A+1=0.

(47)

(48)

From Eq. (48) it is observed that the product of the two
solutions, 2[ (B-2)+/(B-2)*-4], is always one. This ob-
servation indicates that A cannot have two distinct real
solutions; otherwise one of the solutions must be larger
than one, and the scheme would be unstable. Thus, we
need (B-2)>-4<0, or 0<B<4. Substituting Eqs. (45)
and (37) into the expression for B in Eq. (42), we find that
B is a function of C,, C, and 7. By the definition in Eq.
(41), the two trigonometric functions satisfy |C,/<1 and
|Cy| =< 1. Within this range we find that B increases mono-
tonically when C,,C, decrease from 1 to —1 and 7 in-
creases from 0 to 1. When ¢=C=1, B is always zero.
The maximum possible value of B, which is 4, is reached
at C,=C,=-1 and 7=0.7587. Thus, the stability condition
is

7<0.7587. (49)

It is worth mentioning that one can also evaluate the
mass matrix as a weighted average of lumped and consistent
mass matrices, M=dJM_,+(1-8)D. Using a similar proce-
dure, it is found that the optimal combination factor is &
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=(7—1)/2 and the critical time-step size is 7=0.805. Since
the stability conditions are fairly close and considering the
additional computational cost associated with the weighted
averaging, we propose the use of modified integration over
weighted averaging.

It is also interesting to note that Egs. (45) and (49) imply
that the integration points of the mass matrix are located
outside the element, which is unconventional. This choice,
however, works well and is similar to the unconventional
nonconvex combination (M=1.5D-0.5M,), proposed by
Krenk."

D. Procedure of the modified central difference
method (CDM)

The procedure of the modified CDM is summarized as:

(1) Obtain system matrices, K and M.

(2) Impose initial conditions, U® U, and V12=p®
+cgAD (FO-KU©) /2.

(3) Perform time-stepping, for n=1,2,...,

U™ =yh-b 4 AZ‘D_IMV(”_I/Z),

V(n+l/2) - V(11—1/2) + CéAID_l (F(n) _ KU(I’L)) .

In the above, F™ is the discretized force vector at t=t,.
Note that an effective finite difference implementation could
be easily derived from the above finite element implementa-
tion and would have identical accuracy and stability proper-
ties.

VI. NUMERICAL EXAMPLES

The effectiveness of the proposed techniques is illus-
trated using four numerical experiments. The effectiveness of
the proposed implicit methods is tested first with the help of
a single numerical example. On the other hand, due to its
computational efficiency, the proposed explicit method is
tested more extensively using three different examples. For
all the examples the wave velocity is chosen as ¢y=0.1.

A. Implicit methods

Consider a concentrated load exerted at the center of a
two-dimensional infinite domain. The load pulse is given by

A[1-2t-1], 0<r<1

The analytical solution can be obtained using the convolu-
tion integral,

U(x’y’f) = J f(;)G(x’y’t_ f)df’ (5])
0

where G is the Green’s function,zo

H(cot — Vx> +y?)

G(x,y,t) = , (52)
2meo\ it — x* - y?

and H is the Heaviside step function.
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FIG. 2. Displacement variation along #=0° at t=9 s under concentrated
load. The results are obtained using different implicit methods. The dashed
lines represent results from existing methods, while solid lines represent the
results from the proposed modified integration rules. The results from the
modified integration rules almost overlap with the exact solution.

Due to symmetry, we consider the upper right quadrant
of the domain with a computational domain of size 1 X 1. No
absorbing boundary conditions are necessary if we let the
wave propagate for only 9 s and it does not hit the compu-
tational boundaries. A 100X 100 mesh is used, implying
square elements of size #=0.01. The time-step size is chosen
such that 7=0.5. The differences between the proposed meth-
ods and traditional ones lie only in the locations of the inte-
gration points. Instead of using ax=\ 173 and ay= \1/ 3 for
the standard Galerkin FEM and Newmark methodsﬁ pro-
posed methods use ag= \'2/3 and ay=v1/2, V7/12 and
\2/3 for CAA, LA, and FOX, respectively (see Sec. IV).

The results obtained from the proposed methods and tra-
ditional methods are compared with the analytical solution.
The dispersion error expressions in Egs. (25), (29), and (31)
indicate that the error is the highest along the mesh lines, i.e.,
6=0 and 6=90°. Based on this observation, we examine the
displacements along 6=0. Figure 2 shows the snapshot at ¢
=9 with the radius ranging from 0.6 to 1. It is observed that
the proposed methods perform much better than traditional
ones; they significantly reduce not only the dispersion error,
but also the amplitude error.

B. Explicit method
1. Concentrated load

We reanalyze the model used in the previous example.
The only differences are the use of explicit methods and the
time-step size is now chosen such that 7=0.75. The conven-
tional CDM uses o= /3 and ay =\ /3 3, whereas the pro-
posed method uses ax= \T/?) and «a,;=\55/48, according to
Eq. (45). In addition, we consider the dispersion-correction
explicit scheme developed by Krenk,"® which uses a tradi-

tional stiffness matrix (ax= \s’lTZ%) and a linear combination
of diagonal and consistent mass matrices, M=1.5D—-0.5M...

Similar to the implicit case, the displacements (obtained
at 1=9 on #=0) from the analytical solution and the different
explicit methods are plotted in Fig. 3. It is clear that the
proposed method performs the best with respect to capturing
both the phase and the amplitude.
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FIG. 3. Displacement variation along #=0° at r=9 s under concentrated
load. The results are obtained using different explicit methods.

2. Gaussian explosion

In order to simulate more realistic loading, we placed a
Gaussian-type explosive source (borrowed from Collino and
Tsogkaﬂ) at the center of a two-dimensional infinite domain:

ffy) {077
t b
fleyn =1 TR e < R, (53)
0 otherwise.
where
F1(0) = = 87 F2(t = 1g)e ™o~ 10,
(54)

frley)=[1= 2+ y)/RP.

In the above, R is the radius of the load, 7y=1/f,
fo=co/ (hN;) is the central frequency and N, is the number of
points per wavelength. In this example, the parameters used
are N;=4 and R=0.1. We consider the upper right quadrant
of the domain with a limited size of 2X?2. No absorbing
boundary is necessary if we let the wave propagate only for
18 s, before it hits the boundaries. A 100 X 100 mesh is used,
implying square elements of the size, h=0.02. We choose the
time-step such that 7=0.75.

Since the evaluation of the analytical solution is cumber-
some, we used a converged solution as the reference. The
converged solution uses a 400X400 mesh with 2=0.005.
The standard Galerkin FEM and the CDM are used with the
time-step size corresponding to 7=0.75.

The performances of the CDM, dispersion-correction
explicit scheme (Krenk’s method), and the proposed modi-
fied integration rules (referred to as MIR in the figures) are
evaluated by comparing them with the converged solution.
Figure 4 shows the contours of the displacements resulting
from the different methods, at time r=18. The conventional
CDM and Krenk’s method result in a noncircular wave front
clearly illustrating the anisotropy in the error, while the
modified integration results in very low anisotropy. We also
take a closer look at the displacement variations along the
line of #=0 and radius ranging from 1.2 to 2 (Fig. 5). The
results from the modified integration rules and the converged
solution almost overlap, indicating that both dispersion and
amplitude error are significantly reduced. On the other hand,
the results from the other two methods have significant er-
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FIG. 4. Displacement contours at =18 s due to a Gaussian explosion.

rors. It is clear that the proposed explicit method has superior
accuracy properties compared to the traditional CDM as well
as the dispersion-correction explicit scheme.

3. Performance on a distorted (quasiuniform) mesh

The proposed modified integration rule is developed
based on uniform square mesh, and is fourth-order accurate
under such conditions. In this example, we test its perfor-
mance on distorted but quasiuniform mesh, again in com-
parison with the traditional CDM and dispersion-correction
explicit scheme.

A point load is applied at the centroid of a trapezoidal
domain. The time history of the load is given by Eq. (53), but
there is no spatial distribution. The number of points per
wavelength for the central frequency is N;=6. The domain
has a base width of 1.2, the topside width of 0.8, and the
height of 1. The domain is meshed with a 50X 50 mapped
mesh consisting of distorted elements, with an average ele-
ment size of #=0.02. The converged solution is obtained by
using 200 X200 mesh with an average element size of h
=0.005. The shapes of the elements vary from square to
nearly parallelograms.

Using 7=0.5, we let the wave propagate for 5 s. The
contours obtained using the CDM, Krenk and modified inte-
gration methods, as well as the converged one, are plotted in

0.03

—x—CDM
002 | _aKrenk
—— CDM (MR}

0.01
— Converged

Displacement

=3

A RAE AR LR R AL g e
112 1.3 14

-0.01

-0.02

Distance from the load center

FIG. 5. Displacement variations along #=0° at t=18 s due to Gaussian
explosion.
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FIG. 6. Displacement contours at =5 s under concentrated load. The results
are obtained using different explicit methods with the distorted quasiuniform
mesh.

Fig. 6. It is easily observed that the modified integration
method outperforms the other two methods, with the aniso-
tropy also significantly reduced.

Vil. CONCLUDING REMARKS

The modified integration rules shift the integration
points to locations away from conventional Gauss or Gauss-
Lobatto integration points with the aim of reducing the dis-
cretization error. It was already shown that such a shift ef-
fectively reduces the dispersion error in simulating acoustic
wave propagation in the frequency domain for square, rect-
angular as well as distorted meshes.'* In this paper, we ex-
tend this idea to time domain analysis. The fundamental dif-
ficulties in simulating transient waves in multidimensions are
anisotropy and the coupling of spatial and temporal discreti-
zation errors. Unfortunately, it turns out that the dispersion
error cannot be significantly reduced for rectangular meshes.
On the other hand, for uniform square meshes it was found
that using the integration points of (+12/3, £12/3) for the
stiffness matrix evaluation removes the second-order aniso-
tropy. The location of integration points for the evaluation of
the mass matrix depends on the time-step size as well as the
time-stepping algorithm. The integration points are obtained
for various implicit time-stepping schemes (constant average
acceleration, linear acceleration, and Fox-Goodwin), as well
as for the explicit CDM. The resulting modified integration
rules have fourth-order accuracy with respect to dispersion,
as opposed to conventional second-order accuracy.

While the modifications for the linear acceleration and
Fox-Goodwin methods can be considered beneficial, the
modification for the CAA method imposes an undesirable
limit on the time-step size, and is not advocated. On the other
hand, the modification for the explicit (half-step) CDM im-
poses no additional restrictions, except for the slight reduc-
tion in the stability limit. Since this method attains fourth-
order accuracy while retaining its efficiency and stability, it
is advocated as the method of choice. Numerical experiments
indicate that the proposed methods significantly reduce the
dispersion error not only on uniform square meshes, but also
on distorted (quasiuniform) meshes.
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The implementation of the proposed methods in existing
finite element software is straightforward. While the modi-
fied integration rules are developed for two-dimensional
problems, they can be directly extended to three-dimensional
problems. Other possible extensions include the application
to elastic wave modeling and higher-order finite elements.
These possibilities are the subjects of future research.
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Acoustic scattering from a finite cylindrical shell with evenly
spaced stiffeners: Experimental investigation
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The influence of evenly spaced ribs (internal rings) on the acoustic scattering from a finite
cylindrical shell is examined over the dimensionless frequency range 1 <<ka<<42 (where k is the
wave number in water and a the outer radius of the cylinder). Experimental results, obtained with
a monostatic setup, are discussed in the incidence angle/time and incidence angle/frequency
domains. The physical phenomena that give rise to highlights in the experimental spectra (Bragg
scattering and scattering from Bloch-Floquet waves) are investigated. Fast Fourier Transform (FFT)
processing on different segments of time signals allows us to distinguish influences of these
phenomena. Further, comparison is made between frequency based results and numerical results
provided by, respectively, a theoretical model using the thin shell theory [Tran-Van-Nhieu, J.
Acoust. Soc. Am. 110, 2858-2866 (2001)] and a simple scattering/interference calculation. © 2005
Acoustical Society of America. [DOI: 10.1121/1.2011148]

PACS number(s): 43.20.Fn, 43.40.Fz, 43.40.Rj [EGW]

I. INTRODUCTION

The acoustic scattering of an infinite cylindrical shell
excited by an incident plane wave has been investigated by a
number of authors.'™ These studies have demonstrated that
resonances of an elastic cylinder are closely linked to surface
waves which could propagate on the circumference of the
cylinder (in normal incidence) or adopt a helical path on the
shell (in oblique incidence). In the case of finite cylindrical
shells, identification of temporal echoes and resonance
modes in frequency spectra linked to axial and radial dimen-
sions of shells and to the propagation of S, and T, waves
have been achieved.”™ Resonances due to the propagation of
the S, wave in strictly axial incidence have been identified in
Ref. 9. More recently, the propagation of the meridional A
leaky wave on truncated cylindrical shell has been studied."’

The influence of an internal discontinuity on the acoustic
response of a cylindrical shell has also been investigated.lh13
Thus, in the case of an internal lengthwise rib (plate), it has
been shown that each type of resonance could be associated
with a particular type of interaction between the shell and the
rib in terms of the components of the coupling forces,
whereas, when considering a lengthwise solder, the key phe-
nomena were the generation of waves by the incident plane
wave on the solder and wave type conversions at the discon-
tinuity.

At the same time, other works have been devoted to the
study of the effects of radial reinforcing ribs on the acoustic
scattering from elastic structures.'*™'® These experimental re-
sults, backed up by a theoretical calculation using the thin
shell theory and valid for long ribbed cylindrical shells,"”
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have shown that subsonic surface waves could play a more
domina