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ACOUSTICAL NEWS—USA

Elaine Moran
Acoustical Society of America, Suite 1INO1, 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

Takayuki Hidaka —For contributions to Christy K. Holland —For contributions
acoustical design of concert and opera to the safety of diagnostic ultrasound and
halls. to the affairs of the Society.

= -

o

Christian Soize—For contributions to William A. Watkins —For contributions
the understanding of the acoustic re- to marine mammal bioacoustics.
sponse of complex structures.

Michael S. Howe awarded the Per Bruel Gold sophisticated noise and vibration measuring and processing equipment. It is
. . given in recognition of eminent achievement and extraordinary merit in the
Medal for Noise Control and Acoustics field of Noise Control and Acoustics. The achievement must include useful

applications of the principles of noise control and acoustics to the art of

ASA fellow Michael S. Howe was awarded the Per Bruel Gold Medal science of mechanical engineering. Previous recipients of the medal include
of the American Society of Mechanical Engineers at its 2000 Internationak. Uno Ingard, Lothar Cremer, Alan Powell, Miguel Junger, David Crigh-
Mechanical Engineering Congress and Exposition, held 5-10 Novembeton, Eric E. Ungar, Allan D. Pierce, Maurice Sevik, and John E. F. Will-
2000 in Orlando, FL. He was recognized for his work on problems related tdams. Dr. Howe is professor of aerospace and mechanical engineering at
the production of sound and vibration by unsteady fluid flow interactingBoston University. He received the Ph.D. at Imperial College London and
with elastic structures. This medal bears the name of Dr. Per Bruel, theurrently serves as Associate Editor of thmurnal of the Acoustical Society
Danish engineer and industrialist, who pioneered the development of highlpf Americafor Aeroacoustics.

1753 J. Acoust. Soc. Am. 109 (5), Pt. 1, May 2001  0001-4966/2001/109(5)/1753/2/$18.00 © 2001 Acoustical Society of America 1753
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Peter A. Traykovski receives ONR Young

Investigator Grant 4-6 October

ASA member Peter A. Traykovski, Applied Ocean Physics and Engi-
neering Department, Woods Hole Oceanographic Institution, was named a
recipient of an ONR Young Investigator Grant. The Office of Naval Re-
search(ONR) announced the award of 26 grants totaling $8.5 million as a?—10 October
result of the Fiscal Year 2001 ONR Young Investigator Program competi-
tion. A total of 191 proposals were submitted in response to this year’s
program announcement. The Young Investigator Program supports basic
research by exceptional faculty at U.S. universities who received a Ph.D. or
equivalent degree within the preceding five years. Grants to their institutiong9—31 October
provide up to $100,000 per year for three years; additional funds may be
made available to purchase equipment related to the investigator’'s research.
Young Investigators are selected on the basis of prior professional achieve-
ment, the submission of a meritorious research proposal, and evidence of
strong support by their respective universities. ONR’s Young Investigator
awards recognize exceptional young scientists and engineers. The program
supports outstanding research in a wide range of science and engineerid§—18 November
fields that are critical to the evolution of a first-rate Navy and Marine Corps.
Dr. Traykovski will conduct a field and modeling study of factors control-
ling sandy ocean inner shelf geometry and change over time. This research
can help to predict sand transport processes that can bury underwater items.

3-7 December

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.

2001

4-8 June 141st Meeting of the Acoustical Society of America,
Chicago, IL, Palmer House Hilton HotéAcoustical 21-23 February
Society of America, Suite 1INO1, 2 Huntington Quad-
rangle, Melville, NY 11747-4502; Tel.: 516-576-2360;
Fax: 516-576-2377; E-mail: asa@aip.org; WWW:
asa.aip.org

7-9 June International Hearing Aid Conference VI, Novel Pro- 10—13 March
cessing and Fitting Strategies, lowa City, [Rich
Tyler; Tel.: 319-356-2471, E-mail: rich-tyler
@uiowa.edu, WWW:  www.medicine.uiowa.edu/
otolaryngology/news/news

9-13 July 2001 SIAM Annual Meeting, San Diego, C8ociety
for Industrial and Applied MathematidSIAM); Tel.: 3-7 June
215-382-9800; Fax: 215-386-7999; E-mail:
meetings@siam.org; WWW: www.siam.org/meetings/
an01].

15-19 August ClarinetFest 2001, New Orleans, [ID%. Keith Koons,
ICA Research Presentation Committee Chair, Music 2—6 December
Dept., Univ. of Central Florida, P.O. Box 161354, Or-
lando, FL 32816-1354; Tel.: 407-823-5116; E-mail:
kkoons@pegasus.cc.ucf.gdu

19-24 August Asilomar Conference on Implantable Auditory Prosthe-
ses, Pacific Grove, CAMichael Dorman, Dept. of
Speech and Hearing Science, Arizona State Univ.,

1754 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001

Tempe, AZ 85287-0102; Tel.: 480-965-3345; Fax: 480-
965-0965; E-mail: mdorman@asu.gdu

Ninth Annual Conference on the Management of the
Tinnitus Patient, lowa City, IARich Tyler; Tel.: 319-
356-2471; E-mail: rich-tyler@uiowa.edu; WWW:
www.medicine.uiowa.edu/otolaryngology/news/néws

2001 IEEE International Ultrasonics Symposium Joint
with World Congress on Ultrasonics, Atlanta, G¥V.
O’Brien, Electrical and Computer Engineering, Univ.
of lllinois, 405 N. Mathews, Urbana, IL 61801; Fax:
217-244-0105; WWW: www.ieee-uffc.org/20D1

NOISE-CON 01, The 2001 National Conference and
Exposition on Noise Control Engineering, Portland, ME
[Institute of Noise Control Engineering, P.O. Box 3206
Arlington Branch, Poughkeepsie, NY 12603; Tek1-
914-462-4006; FAX: +1-914-462-4006; E-mail:
omd@ince.org; WWW: users.aol.com/inceusa/
ince.html.

American Speech Language Hearing Association Con-
vention, New Orleans, LA [American Speech-
Language-Hearing Association, 10801 Rockville Pike,
Rockville, MD 20852; Tel.: 888-321-ASHA; E-mail:
convention@asha.org; WWW: professional.asha.org/
convention/abstracts/welcome.asp

142nd Meeting of the Acoustical Society of America,
Ft. Lauderdale, FL[Acoustical Society of America,
Suite 1INO1, 2 Huntington Quadrangle, Melville, NY
11747-4502; Tel.: 516-576-2360; Fax: 516-576-2377;
E-mail: asa@aip.org; WWW: asa.aip.¢r@eadline for
submission of abstracts: 3 August 2001.

2002

National Hearing Conservation Association Annual
Conference, Dallas, TKNHCA, 9101 E. Kenyon Ave.,
Ste. 3000, Denver, CO 80237; Tel.: 303-224-9022; Fax:
303-770-1812; E-mail: nhca@gwami.com; WWW:
www.hearingconservation.org/index.hfml

Annual Meeting of American Institute for Ultrasound in
Medicine, Nashville, TN{/American Institute of Ultra-
sound In Medicine, 14750 Sweitzer Lane, Suite 100,
Laurel, MD 20707-5906; Tel.: 301-498-4100 or 800-
638-5352; Fax: 301-498-4450; E-mail:
conv_edu@aium.org; WWW: www.aium.drg

143rd Meeting of the Acoustical Society of America,
Pittsburgh, PA[Acoustical Society of America, Suite
1INO1, 2 Huntington Quadrangle, Melville, NY 11747-
4502; Tel.: 516-576-2360; Fax: 516-576-2377; E-mail:
asa@aip.org; WWW: asa.aip.drg

Joint Meeting: 144th Meeting of the Acoustical Society
of America, 3rd Iberoamerican Congress of Acoustics,
and 9th Mexican Congress on Acoustics, Cancun,
Mexico [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: asa.aip.org/cancun.fiml
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OBITUARIES

Irving Hochberg ¢ 1934—-1999 pline that comprises a number of specialty areas. He believed that hearing
scientists and audiologists should be able to communicate easily with re-

Irving Hochberg, a member of the Acoustical Society of America, died searchers and professionals specializing in speech and language, and that

on 30 October 1999 after an extended illness. Born on 17 April 1934 inspeech and language scientists should be able to understand what hearing
Brooklyn, NY, he graduated with a B.A. in English from Brooklyn College scientists and audiologists were doing. For many years, the requirements of
in 1955. In 1957 he received a Master's degree in Speech from Teacheffe program reinforced his notion, and the students who met those require-

College of Columbia University. He subsequently received a doctorate inments were educated in a way that in more recent years has become increas-
audiology from Pennsylvania State University in 1962. ingly uncommon.

Dr. Hochberg's distinguished career in academia began immediately
after his graduation from Penn State. He was associated with New York AWRENCE J. RAPHAEL
University from 1962 to 1970 as a professor in the Department of Speech
Education, as a Research Scientist in the School of Dentistry, and, finally, as
the Director of the Program in Speech Pathology and Audiology in theWarren W. Denner ¢ 1938—-1999
Department of Special Education. In 1970 he joined the faculty of the De-
partment of Speech at Brooklyn College of the City University of New Warren W. Denner, a member of the Acoustical Society of America,
York. Shortly thereafter, in 1974, he was appointed Executive Officer of thedied 9 November 1999 of a heart attack in Nizhny Novgorod, Russia, while
Ph.D. Program in Speech and Hearing Sciences at the Graduate School @fi a business trip. Dr. Denner was a physical oceanographer whose broad
the City University of New York(CUNY), a position to which he was interests included ambient noise in the arctic, shallow water acoustics, and
reappointed every three years until his death. In all, he served more than Zsvironmentally adaptive sonar.
years as Executive Officer. In 1979, during his tenure at the CUNY Gradu- He was born in Portland, OR, on 9 February 1938, grew up there, and
ate School, he established and directed the Center for Research in Speeattended Portland State University, where he received a Bachelor's Degree
and Hearing. in Physical Science in 1961. For his graduate work, he went to Oregon State
His extensive research accomplishments are documented in articldgniversity, where he studied physical oceanography and received his M.S.
that appeared in théournal of the Acoustical Society of Amerithe Jour- in 1963. He subsequently spent a yéE63—1964 at the Douglas Marine
nal of Auditory ResearcHArchives of OtolaryngologyCleft Palate, Cortex,  Station of the University of Alaska, and afterwards began a teaching and
Ear and Hearing and other periodicals. The books he authored and co-research career at the Naval Postgraduate S¢h&R® in Monterey, CA, in
edited were concerned with issues in audiological tedtinggrpretation of 1964. The association with this institution extended from 1964 through
Audiometric Resulls hearing aids(Acoustical Factors Affecting Hearing 1978, but he continued his graduate education with Oregon State, receiving
Aid Performancg and the speech of the de@peech for the Hearing Im-  his doctorate in physical oceanography in 1969. At NPS, he became Asso-
paired: Research, Training and Personnefie served as editor and edito- ciate Professor of Oceanography, taught physical oceanography, and fo-

rial consultant to théournal of Speech and Hearing Researttie Journal cused his research on arctic ocean processes, ice mechanics, and arctic am-
of Speech and Hearing Disorderand theJournal of Communication Dis-  bient noise. The 15-year association with NPS was interrupted by a two year
orders stint (1974—197Hwith the University of Alaska where he served as Director

Dr. Hochberg's activities in professional organizations included theof the Naval Arctic Research Laboratory and as Associate Professor of
Vice-presidency and Presidency of the New York State Speech Associatioklarine Science. In 1978 he left NPS to assume the pos(fi6ii8—1982 as
(as it was known then as well as many committee and board assignmentsthe Director of the Newfoundland Institute of Cold Ocean Science at Me-
in the New York State organization. In his work for the National Council of morial University of Newfoundland in Canada. There he also held an ap-
Graduate Programs, he championed the cause of research in the speech aothtment as Professor of Physics and Ocean Engineering.
hearing profession, producing influential white papers that advocated the  In 1982, Dr. Denner returned to Monterey to assume the position of
inclusion of basic science and practical research experience in the curricdrechnical Director and Senior Scientist of the Science Applications Inter-
lum at all levels of higher education. He was a recognized leader in thenational CorporatiofSAIC). He left SAIC in 1990 to start his own com-
concerted effort to preserve, foster, and renew the research enterprise in thany, Environmental Research Associates, with the subsequent name EOS
speech and hearing sciences. Research Associates.

His work as Executive Officer of the Ph.D. Program at CUNY resulted Although Dr. Denner was primarily a physical oceanographer, he is
in a reconfiguration of the Program. When he assumed leadership, the proemembered for his visionary understanding of how acoustics can unify
gram had a relatively small number of students and was staffed by a facultynany diverse interests of ocean scientists: geological, physical, biological,
that, although distinguished, worked only part-time at the Graduate Schooknd chemical. Each of these has distinct roles in the propagation of sound
The laboratory facilities were minimally adequate. By exploiting some ex-energy in the ocean, and acoustic techniques provide powerful means for
isting initiatives and creating others, he oversaw an expansion of the prodnderstanding properties and processes in each of these areas of ocean sci-
gram which, in many respects, can only be described as astonishing. Withience. As President of EOS Research Associates, he was instrumental in the
a decade the bulk of the teaching and mentoring duties had been assumed dstablishment and organization of several important scientific collaborations
a cadre of internationally renowned researchers and teachers with full-timbetween American and Asian Pacific Rim ocean scientists. Most notable
appointments to the Program. Moreover, many of these faculty membergas his vital role in initiating and coordinating the Asian Sea International
had associations with other research institutions such as Haskins Laboratécoustics ExperimentASIAEX) under Office of Naval Researdl©NR)
ries, Bell Laboratories, and the Clark School for the Deaf. The augmentatiosponsorship. He helped assemble an excellent international team consisting
and quality of the faculty, and the resultant increase in the facilities availabl®f some of the best ocean scientists and collaborators in the world, and
in which to do research, naturally attracted large numbers of students. Moreorked diligently in the overall international coordination of ASIAEX until
than 150 students received doctorates while he was executive officer. Vithe time of his death. He had unique diplomatic skills and was able to help
tually all of those who needed financial support received it, many from thefacilitate large scale projects that involved ocean scientists from the United
training grants that had been successfully proposed by Dr. Hochberg. States and other Pacific Rim countries.

Dr. Hochberg'’s view of speech, language, and hearing sciences was a
unified one. He sought to foster the notion of a single, overreaching disciCHING-SANG CHIU
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trol devices, research measurement instruments, transducer design, and
ultrasonic microscopy.

The two volume set, also available in a single-volume paperback edi-
tion from Academic PresdSBN 012531951}, chronicles the development
of ultrasonic devices arising from past research efforts that have reached
commercial success. This focus is an ambitious one, and it is natural to
wonder how effectively the scope has been covered, or where the emphasis
has been placed. The series editor, Emmanuel Papadakis, admits that the
range of topics is not inclusive and, in particular, he decided to omit cover-
age of acoustic emission, high-intensity ultrasound, and bulk wave delay
lines. The resulting selection is not justified in terms of commercial signifi-
cance. In fact, the two most commonly associated applications of ultra-
sound, fish finders and sonar, are not discussed. Perhaps the down-selected
list reflects the editor’s interest in topics that are continuing to benefit sig-
nificantly from ongoing research and development. As a result of this focus,
however, many well-established ultrasonic applications are not covered. For
example, mechanical processes such as ultrasonic cleaning, welding, mill-
ing, agglomeration, flocculation, liquid atomization, as well as ultrasonically
assisted chemical and electrochemical processes are not discussed. Despite
these omissions, these volumes provide the most complete discussion on

ultrasonic instrumentation, techniques, and technology that | have encoun-
tered.

The two-volume set continues the tradition of excellence that has made
Physical Acousticghe leading reference series in the field of ultrasound
(UT). The ten chapters are written by 20 contributors, all leading authorities
in their areas. Despite the stature of the contributors, the discussions are
directed toward a general technical audience. Each chapter provides broad
coverage of its topic with extensive references and illustrations. Each chap-
ter is complete, self-contained, and can be read in isolation, yet surprisingly
there is very little overlap in the material covered. And each chapter must
meet the same challenge of providing unbiased historical perspective along
with balanced detail on state-of-the-art developments. The list of contribu-
tors in Vol. XXIlI includes Albert Goldstein and Raymond Powis on medi-
cal UT diagnostic, Emmanuel Papadakis on UT nondestructive testing, and
Lawrence Lynnworth and Valentin Magori on UT industrial process control

You may begrudge, but you cannot deny the changing environment of€Nnsors. The contributors to Vol. XXIV include Emmanuel Papadakis,
research and development in the field of physical acoustics. The roles d¢lyde Oakley, Alan Selfridge, and Bruce Maxfield on UT transducer fabri-
universities, industries, and government agencies have all evolved since ti&tion; Fred Hickernell on surface acoustic wave devices; John Vig and
first volume of the seriePhysical Acoustics: Principles and Methodss  Arthur Ballato on UT frequency control devices; Robert Gilmore on indus-
published in 1964. From the beginning, the series has been a perennitiial UT imaging, and Bruce Chick on UT research instruments. Addition-
favorite among those pursuing research in ultrasonics and acoustics. THly, there is a collection of short essays at the beginning of each volume.
series provides a foundation for our accumulated understanding and  Consistent with the theme of ultrasonic device commercialization, Vol.
chronicles advances through contributions from the most eminent figures iXXIll begins with a set of six unique essays on technology transfer. Oddly
the field. The earlier volumes of the series focused primarily on fundamentathis content is repeated verbatim at the beginning of Vol. XXIV, placing
research, but there is a natural progression that occurs as ideas are trabgdue emphasis on a section which is pleasant but does not deserve special
formed through research and development into commercial products an@ention. In the first essay, Aaron Gellman of Northwestern University gives
applications. In the present era of corporate downsizing, outsourcing, ané concise description of the elements of successful technology transfer. He
increased global competition, companies are constantly striving to reducBighlights the role of champions, market forces, and transfer mechanisms in
their product cycle development times and have deliberately eliminated theipvercoming the omnipresent barriers to success. Next, Emmanuel Papadakis
capacity in certain technical areas. These changes, as well as the maturity isflates a collection of anecdotes on technology transfer, many of which can
the field, have influenced the nature of research in physical acoustics. It ise attributed to his personal experience as a university professor, small
only fitting that as the focus of physical acoustics research changes, so tdausiness and large business scientist. Neil Goldfine provides a personal ac-
should the reference series. The purpose of the latest two volumes is twount of his company’s success with meandering winding magnetometer
establish the current state-of-the art in the commercial development of ultechnology. He discusses how the technology was developed from basic
trasonic devices and instruments. Topics include medical ultrasound, noresearch, through innovation, technology transfer, and finally into profitable
destructive testing, process control, surface acoustic waves, frequency cogrowth for his company Jentek Sensors, Inc. In the fourth essay, Stephen

R. N. Thurston and Allan D. Pierce, Editors-in-chief

Emmanuel P. Papadakis, Volume editor

Combined volume available in paperback under the title:

Ultrasonic Instruments and Devices

Emmanuel P. Papadakis, editor

Academic Press, San Diego, CA, 1999.
809 pp. Price: $99.95 ISBN: 0125319517.
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Ringlee laments about the specific difficulties that face innovators in theeviewed for both clamp on and wetted probes such as range gating, echo
conservative NDT marketplace. These conditions include low growth ratestracking, tag cross-correlation, Doppler shift, and Gauss—Chebyshev inte-
small fractured markets, innovation-stifling regulations, and the poor scalgration. Wireless surface acoustic wave sensors are also mentioned here and
ability of individual inspection solutions. William Lord, Satish Udpa, and the discussion blends well with the more complete review of the topic given
Robert Harris of lowa State University co-author an incongruous contribuin Chap. 3 of Vol. XXIV. Practical solutions to the problems encountered in
tion that relates how faculty, student, and industrial teaming on research angal world applications are given along with numerous examples of com-
development projects provides pragmatic lessons in an engineering curricurercially successful products.
lum. In the final essay we hear from the government perspective as Arthur ~ Chapter 2 of Vol. XXIV(Chap. 1 is a repeat of Chap. 1, Vol. XXl
Ballato and Richard Stern of the US Army Communication-Electronicsis devoted to Fabrication and Characterization of Transducers. This well-
Command review the technology transfer programs within their lab. Coop-written chapter flows smoothly through four sections discussed sequentially
erative research and development agreemé@RADAS), patent license by the authors: Emmanuel Papadakis—Monolithic Piezoelectric Plate
agreement$PLA), and small business innovation research progré8asR) Transducers, Clyde Oakley—Composite Transducers, Alan Selfridge—
are mentioned. PVDF Film Transducers, and Bruce Maxfield—Electromagnetic Acoustic
Detailed discussions of ultrasonic devices begins in earnest in Chap. Ziransducers. The emphasis is placed on reviewing the collected research
Medical Ultrasonic Diagnostics. Albert Goldstein and Raymond Powis do aand outlining how this has been incorporated into commercial products. No
tremendous job of carrying the reader through 30 years of development imathematical foundations are given. Rather the fundamental developments
the medical ultrasound field with a lucid, well-structured, and liberally ref- are cited with a long list of relevant historical and contemporary references.
erenced discussion. They begin by explaining the physics behind ultrasonibespite the emphasis on commercial practice, there is curiously little men-
image formation, relating image resolution, contrast, noise, and perceptiotion of the software design tools, such as PZRéeidlinger Associates
to fundamental transducer and tissue parameters. Next, analog and digitelezoCAD(SonicConcepjs PASS(R/D Tech), Imagine3D(Utex Scientific
imaging systems design concepts are reviewed with excellent use of illusnstruments Ing, CIVA (Centre d’Etudes Atomique¢snd CAPA(WisSoff
trative images, color plates, and fundamental expressions that help thesed by many nondestructive testing and medical transducer manufacturers
reader quickly comprehend the material. These discussions move from tha the design process.
historical use of analog scan converters through to the present practice of In the next chapter Fred Hickernell presents an inspired discussion on
transducer arrays, digital beamformers with digital signal processingSurface Acoustic Wave Technology Macrosuccess through Microseisms.
schemes, Doppler imaging, and contrast agents. The author writes with an infectious enthusiasm, and even hints of pride, as
Emmanuel Papadakis provides the next chaptefutinasoni¢ Non- he relates the growth and success this field has experienced in the past 30
destructive Testing, writing with a broad, heuristic, and, at times, cavalieryears. Starting from 1964, when modern surface acoustic \i@&gV) de-
style. He describes the development of the modern flaw detectors, thicknessces were first proposed, the author reviews the development progress.
gages, and large fixed installation scanning systems. Although there ardaitially the basic interdigital transducer, processing, fabrication, and mate-
numerous figures, many of the images overlap each other in content. Ofterals issues are described. Then the use of SAW devices as delay lines,
they appear out of sequence with the corresponding text and are not consifiters, resonators, oscillators, sensors, correlators, and other signal process-
tently dated to allow the reader to establish their historical perspective. ing operators is discussed. The author goes to great lengths to provide won-
Material property testing systems based on ultrasonic velocity andderfully rich reference and appendix sections that allows the reader to pur-
resonance spectroscopy are also reviewed. Despite a brief section on tubee any interest in greater detail.
wall thickness measurement systems, there is very little mention of systems  Chapter 4 of Vol. XXIV, Frequency Control Devices, is written by
used by the field inspection service community. While it is true that some ofJohn Vig and Arthur Ballato. They begin by motivating our interest in the
these systems are proprietary, common themes on the use of time-of-fliglsubject of quartz resonators by discussing applications. Numerous civilian
diffraction, phased array beam steering and focusing, and synthetic apertuepplications, such as spread spectrum cellular communication and hand-held
focusing have been finding their way into commercially available devicesglobal positioning systems, have benefited from the militarily driven ad-
Common service inspection areas include nuclear and fossil fuel powevances in quartz resonators. After they convince us of the pervasive and
generation, pipeline construction and maintenance, storage tanks, pressumeportant nature of these devices, they review the fundamentals of fre-
vessels, and other large structures. These areas represent an important garéncy control. The important operating parameters such as stability, tun-
of the ultrasonic testing market and have not been addressed here or elsghility, noise, drift, as well as the impact of temperature and other physical
where in the two-volume set. effects are discussed in the context of various quartz crystal fundamentals,
There are also places where the author’s personal and collegial stylerystal cuts, oscillator circuit designs, and compensation mechanisms. In the
contrasts with the historical reference authority of tPleysical Acoustic  final section they compare frequency control devices with quartz sensors,
series. In one passage the author cites a “landmark discovery by Torre artdansducer and filter applications.
others at General Motor&GM) that ultrasonic velocity was monotonically Robert Gilmore handles the topic Industrial Ultrasonic Imaging/
related to nodularity, yield strength and tensile strength in dugtibelulap Microscopy in Chap. 5 of Vol. XXIV. The author draws heavily from his
gray cast iron....” This statement is referenced by a personal communicatioprevious publications to provide the reader with a consolidated and polished
between the author and Torre in 1986. | could not find any references tpresentation on this topic. Both C-scan imaging and scanning acoustic mi-
their discovery in the open literature. Yet, the correlation between cast irorcroscopy are discussed, but in contrast to other treatments of these topics the
nodularity, sound velocity, and mechanical properties has been studied aralithor chooses to emphasize the similarities, not the differences. Simple ray
reported for over 40 years by a variety of researchers on numerous contirace geometry arguments are used to support a discussion on near surface
nents. Other cast iron inspection experts that | consulted were also unawaeasd subsurface volume imaging. The effects of lens geometry, spherical
of the GM group’s efforts. Given the long standing and active interest in thisaberration, spatial sampling, point spread, and material response are consid-
topic, it is unfortunate that this discovery from which “the field of ultrasonic ered in the context of lateral and axial resolution. The chapter is concluded
velocity for material property measurement came into its own and spawnedith a short discussion on image processing, test target fabrication, and
many instruments” is not more effectively referenced or dated. In short, thisapplication examples.
chapter could have benefited from a more detailed expose Bruce Chick, a cofounder of the company Ritec Inc., wrote Chap. 6,
Chapter 4, the final chapter of Vol. XXIIl, written by Lawrence entitled Research Instruments and Systems. After a brief historical introduc-
Lynnworth and Valentin Magori, is devoted to Industrial Process Controltion, this short chapter concentrates on describing how attenuation and ve-
Sensors and Systems. Both authors have distinct writing styles and there liscity measurements are determined using a quadrature phase detection in-
some duplication in their content so the flow of the material is a bit choppy,strument developed and marketed by his company. The chapter also
but the topic coverage is excellent. They discuss the currently availablenentions a few other equipment manufacturers by name, but is not exhaus-
ultrasound solutions for the four major process control issues: level, flowtive in its coverage. A pulsed laser ultrasonic syst&udolph Technology,
temperature, and pressure measurements. These methods are typically &pe.) and a wide-band acoustic emission measurement sy&agital Wave
plied to single-component gas and liquid environments. In addition, theyCorp) are discussed, but numerous competing manufacturers such as,
discuss the use of ultrasound to determine the concentration or density &onoscan Inc., Physical Acoustics Corp. UltraOptec Inc., and SecondWave
binary gas and liquid mixtures. A variety of measurement approaches ar8ystems, are not mentioned here or elsewhere in the two volume set.
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Despite the noted omissions, these volumes successfully establish  Part one, radiation and scattering of acoustic waves in fluids, is 283
themselves as the quintessential references on commercial development gdges long and consists of 8 chapters. Part two, radiation and scattering of
ultrasonic devices and instruments. The expansive coverage that they prefastic waves in solids, is 309 pages long and consists of 8 chapters. The two
vide on this very broad topic are is without parallel and the volumes serve agarts are quite similar. Each part can be separated into two smaller parts: the
a valuable knowledge gateway. Each chapter provides a very readable afs of these gives a derivation of the equations of motion and the second
count of the selected topic, liberally referenced and illustrated. The table o eals with radiation and scattering problems, including inverse problems.

contents and index are extensive, allowing one to quickly locate relevanﬁ_he derivations of the equations of motion are somewhat different from

information. | find myself reaching for this reference set on a regular basis tauaht by th ) ' ) . tudents. Th thor att i
and | encourage anyone interested in this technology area to obtain persontQPse aught by the reviewer 1o engineering students. The author attempls a

generality in his presentation—perhaps with the goal of including effects

copies. induced by fluid-filled porous media—at the cost of losing some simple but
GRANT A. GORDON important physical information. For example, on page 34, equ&fioh29,
McDermott Technology, Inc. the author gives the compatibility relation ,  d,, 9, Py=€; nx Infi. The
Lynchburg Research Center termd,®, is a rate of mass flux anfg, a body force. This equation is telling
Lynchburg, Virginia 24506 the reader that in an ideal fluid the flow, away from a localized body force,
is irrotational. This fact is not immediately apparent. However, an experi-
enced reader will find the presentation original and thought provoking. The
chapters dealing with radiation and scattering are excellent. Therein lies the
reason for reading the book. The topics covered include the following: time-
dependent and time-harmonic propagation, symmetry considerations used
Handbook of Radiation and Scattering of when formulating problems, radiation and scattering in unbounded domains,
Waves: Acoustic Waves in Fluids, applications of reciprocity, usually in combination with a free-space Green'’s
Elastic Waves in Solids, Electromagnetic tensor. . .
Waves Chapter 15 of the book is representative of what the reader can expect.

It describes elastodynamic reciprocity relations and their applications. The
applications are to modeling transmission and reception by transducers, and
to formulating both direct and inverse radiation and scattering problems.
Academic Press, August 1995. How might the reader use this chapter? Imagine that he or she wants
1110 pp. Price: $209.00 hardcover ISBN: 0122086554. an analytic expression for the compressional-wave attenuation of material X
in terms of the measured transmitted voltage. The measurement is done by
This is an advanced book dealing with linear-wave radiation and scatcoupling two wide aperture transducers, opposite to one another, to a plate
tering; it contains a wealth of useful information about these topics; it de-made from X. The reader goes to this chapter and reads with care the section
rives the equations of motion describing mechanical wave propagation iy transmission and reception. He or she finds that, by taking one recipro-
unconventional ways; and material is repeated from one part to the nextaiing state to be the wave field in the absence of attenuation and the second
making it easy to use as a handbook but annoying to read as an advanc[a(gbe that when attenuation is present, and by assuming that any shear wave

textbook or research monograph. Almost no detailed calculations are giveQ' . . . . . .
e hat may be excited can be ignored, the reciprocity relation gives an expres-
the emphasis is on general theorems that help the reader formulate problems

and verify the accuracy of numerical calculations. The intended readers ar%(,)n for the compressional-wave attenuation, .but that the expression con-
engineers and others who do advanced numerical or analytical calculatiorf@"S @ number of terms that refer to the particular measurement arrange-
in linear acoustic, elastic and electromagnetic waves. The parts dealing witfi€nt: However, the reader notes that the same measurement can be done on
acoustic and elastic waves have a slight orientation towards the concerns 8fPlate of mild steel, whose compressional-wave attenuation is known. This
researchers in geoacoustics. Two appendices are included, one dealing wigiter fact is used to remove the various terms associated with the measure-
Cartesian tensors and one with integral transforms, so that, beyond sontgent arrangement and what is left is an expression for the compressional-
training in advanced calculus and linear algebra, the mathematical preregvave attenuation in material X relative to that in mild steel. What the chap-
uisites are not demanding. Problems of varying difficulty appear throughouter has done has told the reader how to do this calculation correctly. The
the book, all with answers. The lists of references, which appear at the endsook succeeds quite well at fulfilling such a use.

of the chapters, are not very complete. The index is adequate and is based on  pat three, radiation and scattering of electromagnetic waves, is 388

key wor‘(‘js_ and phrases Yr,ath_er than concepts. For example, looking up the,jes and consists of 14 chapters. Some of the chapters are however very
phrase “direct _scattgrlng \.N'" give all th'e.needed page number_s,'bu_t theshort. The pattern laid out in the first two parts is again repeated. The
W°Td embeddlpg s no.t listed so tha't itis hard to find where it 'S f|rst writing style becomes slightly livelier and somewhat more attention is paid
defined. The print is easily read, the diagrams are clear, but the binding r|1tSP the physical theory than In the previous parts. The chapters on wave

by libraries and perhaps larger research groups, but the individual shoulf"P2gation again are very thorough and perhaps somewhat more complete
purchase it only if he or she works on linear wave propagation problems. than in the first two parts. The very last chapter, which describes problems
The book consists of the three parts indicated by its subtitle. Each par@ising in electromagnetic compatibility, is out of place and could have been
can be read independently. However, this means the reader will see mughmitted.
the same formulations over and over again, often forced into a single pattern ~ The reader who wants to learn the subjects treated, but has little pre-
that is more descriptive for one field theory than another. Moreover, toovious knowledge of them will find the book too demanding. However, if the
many of the sentences are of the pattern-writing type. Note below the rereader is experienced then it works quite well as a handbook provided a
viewer’s own use of this kind of writing: “Part X,..., ispages long and ...”  certain initial effort is made to understand how the equations are derived and
is repeated three times. The book could have benefited from severe editinggeq. Moreover, because the book describes the work of a group of re-
Cartesian tensors are used throughout. The notation however is nQt,, hors who have very much helped to shape the subject of wave propa-

standardz; 7 ; is used rather than the more usual notatign or J;; . The gation, any researcher in this subject will find that his or her competence at
reader is advised to work through Appendix A of the book which deals with> ™~ ; .
will improve from a careful study of how the topics of this book are

tensors. He or she will be rewarded: the discussion is concise but ver .
complete, and provides an excellent introduction to the subject. As well, th&onsidered.

reader is advised to work through Appendix B, which deals with integral

transforms, to learn the various transform conventions used in the book. ThéOHN G. HARRIS
author is very careful in his use of these, particularly of the temporal2723 McDaniel Ave.
Laplace transform. Evanston, lllinois 60201

Adrianus T. de Hoop
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Signal processing for Intelligent Sensor part the author tries to balance descriptive and analytic styles but the result
is a bit uneven, requiring careful study of the text in places.
Systems In Part Il the presentation seems to get into full stride, covering adap-
tive system identification and filtering. There is greater analytical clarity
David C. Swanson here and the presentation flows well across a wide range of topics. The

material is presented following the unifying principles of basis sets, projec-
Marcel Dekker,'lnc., New York, NY’_ZOOO' ) ) __tion operators, and orthogonal spaces, without indulging in the tedium of
SlgnaI"I.Drocessmg apd Communications Series (K. J. Ray Liu, Serleﬁﬂathematical rigor. The author returns consistently to these notions, cover-
Ed.) Xiii+616 pp. Price: $195 ($79.75 for classrooms) ISBN: ing LMS, RLS, lattice structures, Kalman filters, and recursive structures.
0-8247-9942-9. The presentation is abbreviated in places, but has numerous examples and
illustrations.

Part IV covers wavenumber sensor systems. It begins with a relatively

bl I q | q q i K dicti Betailed discussion of probability distributions and detection theory. The
able to collect and analyze data, adapt, self-diagnose, make predictions, apg, 1ance of error estimates and the Cramer—Rao lower bound are empha-

are reprogrammable. They are a new and important technology, the develj,oq An excursion into acoustic wave propagation modeling is interesting
opment of which requires a mature understanding of the capabilities ang};t seems out of place. In the treatment of adaptive beamforming the author

limitations of both sensor technology and signal processing. includes an interesting section on the application of maximum length se-
Signal Processing for Intelligent Sensor Systémioduces the reader  g,ences to multipath resolution—this is an example of the broad and prac-
to the essential elements of the subject in a way that instills enthusiasm fqgf.5, perspective of the book.

the subject as well as an appreciation of its limitations, caveats, and subtle-  part v s titled “Signal Processing Applications” but it is actually an

ties. The author's own enthusiasm and insights are conveyed in a congenigleyiew of the important aspects of intelligent sensor systems. A succinct
and nonintimidating style. The material is presented in a consistent framegefinition of intelligent sensor systems seems illusive but this final section
work with abundant examples and references to applications. begins with a “starting point” for a definition. It then touches on pattern
Dr. David C. Swanson is with the Applied Research Laboratory atrecognition, neural networks, fuzzy logic, feature selection, and condition-
Pennsylvania State University and is a professor in the Graduate Program fhsed monitoring, giving the reader a flavor for the essential issues through
Acoustics at that university. Many applications of intelligent sensor SysteMgyamples and basic formalisms. Following this, the section reaches into
are acoustical in nature and the author has emphasized this, making the bogkme practical aspects of sensors and electronics with a compact and fo-
well suited to acousticians. Only a minimal knowledge of signal processingcysed presentation of circuit noise reduction techniques, transducer equiva-
is prerequisite to benefit from this book, yet experts in the field may enjoyjent circuit representations, and calibration. Noise cancellation is squeezed
the insights and practical advice it offers. in, drawing on earlier material, and the book finishes up with a brief discus-
The emphasis given to motivation and insight is very valuable but itgjon of active noise cancellation.
brings with it some demerits. In many places the book is more descriptive The greatest strength and the greatest weakness of this book is its
than analytic and the reader who desires greater detail or rigor is obliged tgqtivational and intuitive treatment of a broad field, omitting detail and
seek other references for clarification or more complete information. Fortugigor that is available elsewhere in favor of examples and insights that are
nately, there is no shortage of such and a sampling is identified in thgajyaple to students and professionals alike. This book offers the reader a

references and bibliographies. maturity of knowledge that is often only achieved in the course of lengthy
The book is organized into 15 well-focused chapters that are groupednq difficult experience.

into five parts. Each chapter contains an informative introduction and sum-
mary. Problems, bibliography, and references are included at the end of eaghay/|p |. HAVELOCK

chapter. A basic index is provided and answers to the problems are includegl., ,stics and Signal Processing Group
as an appendix. The references and bibliography are somewhat limited baﬁ

There is a myriad of textbooks available on all aspects of signal pro-
cessing, yet this new book finds a niche to fill. Intelligent sensor systems ar

ational Research Council

the industrious reader can generally find further readings easily. In gener ttawa, ON K1A ORS, Canada

the individual sections and chapters can be read on their own with only
minimal reference to other parts of the book. .
The print quality is excellent, with many equations, figures, and tables The Making of Symphony Hall—Boston
Although the quality and format of the figures is variable, they are generally o History with Documents
well thought out and informative. The book suffers from frequent typo-
graphical and editorial errors, requiring considerable tolerance and alertness Richard Poate Stebbins
of the reader(Apologies are owed to E. Galois, a famous French Mathema-
tician, for misspellings of his nameUnfortunately, neither the Table of Boston Symphony Orchestra, Boston, 2000.
Contents nor the Index does justice to the breadth of information in the xi+234 pp. Price: $24.95 (hardcover) ISBN: 0-9671148-1-0.
book. Many sections contain uncharted excursions into interesting side is-
sues. For example, a brief discussion of satellite GPS systems, as an appli- The author of this highly readable new work, Richard P. Stebbins, has
cation of multipath resolution, is neither indexed nor listed in the table ofhad an association with Symphony Hall that goes back to the 1920s, when
contents. he attended the Young People’s Concerts of the Boston Symphony Orches-
Part | covers the fundamentals of digital signal processing. The treattra; then later as a singer in the Harvard-Radcliffe chorus under the direction
ment is necessarily cursory, requiring either prior familiarity or supplemen-of Serge Koussevitzky; and in recent years as a volunteer in the Symphony
tary reading. Nevertheless, it develops an appreciation for practical aspec@rchestra’s Archives. He has done a remarkable job of pulling together a
of signal processing and provides the essential tools needed throughout theass of source materials, including previously unpublished correspondence
remainder of the book. For example, initial conditions are carefully treatecbetween the leading figures involved in the construction of Symphony Hall.
and the problem of mapping poles from the analog to the digital domain isThe book is well documented by extensive notes, many of them of general
presented from the perspective of obtaining meaningful physical quantitiesnterest. For example, in Note 10 concerning the Boston Music Hall, the
State variable theory and fixed gain trackers are presented in a straightfooriginal home of the Orchestra, Dr. Stebbins has this to say: “Not to be
ward manner and establish a foundation on which subsequent chapters builoiverlooked in any account of the Music Hall’s varied uses was its employ-
Part Il addresses frequency domain processing with chapters on theent by Henry James for the climactic episode of his 1886 ndvel
Fourier transform, spectral density, and wavenumber transforms. There aiostonians’
excursions into polyspectra, the wave equation, and structural vibration. The  The person most responsible for establishing the Boston Symphony
section includes important material on error analysis and quality measure€rchestra in 1881 was Henry Lee Higginson, a distinguished citizen who
which are topics that are often overlooked or poorly treated. Power spectrdiad a solid background in music. Its first home, the Music Hall, had been
density receives brief, yet careful attention. The presentation of wavenumbesuilt in 1852, and was a poorly ventilated firetrap, located on what had now
transforms shows good applications and examples, but the footings in Fousecome valuable property in a newly desirable business location. The driv-
rier optics and role of the aperture geometry is somewhat obscure. In thigg force behind the construction of a new concert hall was Higginson. He
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found property in Boston that would serve as a suitable site, and then ag-eipzig Gewandhaus. But Sabine indicated that neither of the earlier halls
proached the celebrated architect Charles Follen McKim of McKim, Meadserved as an architectural model for the new concert hall, although “both
& White, the leading architectural firm in the nation, about becoming thewere used...as definitions and starting points on the acoustical side of the
architect for the project. McKim responded enthusiastically. Before he leftdiscussion.”

on an extended trip to Europe, where he was to visit a number of concert ~ George S. Hutchings, the builder of the orgéhe predecessor of
halls, Higginson asked McKim to take with him an outline of those featuresthe present Aeolian-Skinner organ, which was installed in 1948d a

of the old Music Hall that he considered desirable. These included seatingispute with the architect concerning the height of the ceiling above the
for approximately 2600 listeners, and minimizing the number and size ofstage, wanting to increase it by 8 feet. When Sabine was asked whether this
windows and locating them so as to reduce street noise inside the hall. Witvould be acceptable, he suggested it would be better not to increase the
regard to the stage, he indicated that “the authority on sound here—Profieight over the stage, but to rearrange the pipes—a solution that was finally
Cross[of MIT ]—tells me that an angular sounding board over the stage isadopted. Later, Hutchings declared that it was the finest organ he had ever
best of all.” built.

As Stebbins relates, during the early part of 1893, long before actual ~ The original design of Symphony Hall by McKim included 16 statues
plans for a new concert hall could be developed, municipal authorities proplaced in niches that lined the walls above the second balcony—6 on each
posed a scheme for a new rapid transit system on elevated tracks that wouséFe of the hall and an additional 4 in the back. Unfortunately, the board of
pass directlythroughthe old Boston Music Hall. This would have required directors did not provide funds for the statuary. Thus, all the niches but one
that the old hall be demolished without delay, leaving the orchestra withoutvere unoccupied at the inauguration of Symphony Hall in 1900. Stebbins
a home; but fortunately, the proposal was brought to a public election andells us that there was some objection to the appearances of the empty
defeated in a close vote, allowing adequate time for the planning and corfliches, so one of the patrons of the Symphony took it upon herself to raise
struction of the new concert hall. money for this purpose. By the fall of 1902, statues had been placed in 14 of

The book contains a chronicle of events leading to the construction ofhe 16 niches; the remaining two were filled some years later. As we know
Symphony Hall that will interest anyone seriously concerned with the pertoday, the inclusion of irregular bounding surfaces such as the statues, and
formance of orchestral music in America, but it will be of particular interest the niches in which they are housed, provide a positive contribution to the
to members of the Acoustical Society in the field of architectural acousticsacoustics of a concert hall by scattering sound from their surfaces and in-
After all, Symphony Hall is usually considered the mother of all concert creasing the diffusion of sound in the hall. Stebbins, in Note 216, quotes
halls of acoustical excellence in this country, setting a standard against@Pine in a communication to McKim assuring him that the statues “will
which subsequent halls have been compared for many generations. It isn9t in the least affect the reverberation of the halkHere Sabine must have
hall with a rectangular platfoften called a shoebox configuratioand a been refer.rlng to the rgvgrberatlon time in the hall l.’e'lther than t'he general
highly coffered ceiling, with additional diffusion of sound provided by the reverberation characteristics of the hall, for the additional diffusion by the
irregular surfaces on the side walls and rear wall. statues does have the positive effect of smoothing out the decay of rever-

McKim’s initial concept for the hall was a classical design with a Perant sound. ) )
rectangular plan, in which the rear of the hall opposite the stage was termi-  'he inaugural concert of Symphony Hall, the most important musical
nated by a semicircular configuration resembling an ancient Greek theatefVent in the history of Boston, took place on October 15, 19@fore the

including sculptured figures. The hall's construction was financed by a corintroduction of the statuary in the empty nichesd featured Beethoven's

poration set up to sell capital stock in the New Boston Music Hall, issued inMissa SolemnisMusic critics of two of New York's leading newspapers

a sufficient amount to enable the project to proceed; and at its first meetiny©"€ Nighly complimentary in their judgment of the hall's acoustics, al-
hough the favorable judgments were not universal.

on January 6, 1894, the purchase of the Huntington Avenue site was a . A A ) )
A substantial section of the book is devoted to documents, including

proved. Two days later, a large wood and plaster model of McKim’s pro- ; ) - -
copies of many of McKim Mead & White’s original drawings and letters

osed structure was placed on display in the Public Library for the public to
gee P Pay i P between the principal individuals associated with the Hall's construction-

Further plans had to be held in abeyance because of poor economid "e"e are also threg—z appendices that many r(_aaders will find of ?nterest:
conditions, so no additional work was done for almost four years. Then, o ppendix A: Calculation in Advance of Constructiay Wallace C. Sabine,

October 27, 1898, Higginson wrote to McKim, “While we hanker for the Irepéoducgd tf_rorT1A his d.lgg_oc rlllar:erﬁrggltecturtz_alb ALCOUE“ICBS: P?(r_t
Greek theatre plarfj.e., the semi-circular configuration at the rear of the =~ everberation, Appendix b. Lollateral Observatiphy Leo L. beranek,

: : andAppendix C: Who Was Wha list of the cast of 68 individuals associ-
rectangular hall we think the risk too great as regards results, so we have ted with the planning and/or construction of the building, directly or indi-

definitely abandoned that idea. We shall therefore turn to the general plan o . - .
our Music Hall and of the halls in Vienna and Leipzig, the latter being thereCtIy’ with one or two lines about the involvement of each.
best of all, and Mr. Cotting will ask for a plan on those lines....We have 18

months to complete our work.” CYRIL M HARRI.S

At a meeting of the board of directors of the corporation on DecemberCOIumb'a University
1, 1898, a serious discussion was held concerning the shape of the new ham.ew York, New York
i.e., a rectangular plan having its length about twice its width, two balconies,
and the stage at one end. Many in Boston were concerned whether the new
concert hall would have acoustical properties that measured up to their
expectations. The events described in this book are of special interest be-
cause of Wallace Clement Sabine’s role in its ultimate design. It was Har-
vard President Charles W. Eliot who knew of Sabine’s work and alerted Spanish Edition. (F|0rian0p0|is.SC_Brasi|’ 1998, contact
Major Higginson to it. As a result, Sabine was taken on as a technical gerges@mboxl.ufsc.br.)
advisor to Higginson. His first meeting in this capacity was on January 25, 555 pp. ISBN: 8590004601 X pb.

1899. He had a continuing role in the design.

The great American physicist Joseph Henry, during his tenure as the  This book is the translation from Portuguese to Spanish of the book
first Secretary(i.e., Directo) of the Smithsonian Institution in Washington Ruido—Fundamentos e Contrplpublished in 1992. It fulfills a badly
between 1846-1878, had observed that in a large room, the duration of theeeded bibliography in Spanish. It is intended for members of the academia
time which reverberation remained audible increases with its volume, andstudents of acoustics or related maftees well as general practitioners
decreases with the amount of acoustic absorption in the room. But Henry di¢engineers, safety professionals, industrial hygienists, etc
not develop a mathematical relation between these parameters. This formu-  Because some of the intended readers are students, there is a strong
lation was later provided by the brilliant experiments of Sabine, resulting inemphasis on theory with detailed deductions of some of the formulas, some-
his well-known reverberation-time formula, the technical basis for which isthing that is not needed for the practitioners. The text is completed with
presented in hi€ollected Papers on Acoustics illustrations, such as graphs, photos, and tables that make for relatively easy

Because of the certain design similarities, comparisons were madesading.
between Symphony Hall and both the earlier Boston Music Hall and the The book is divided into 13 chapters and contains 9 appendices. Each

uido: Fundamentos 'y  Control

Samir N. Y. Gerges

1765 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Book Reviews 1765



SOUNDINGS

chapter starts with an introduction, and ends with a list of references that caHearinget al. for the calculation of sound barriers. The subject of barriers
be used for further reading. References are relatively old; however, for thenade by vegetation is examined quite extensively, something surprising
purpose of the book they can be quite useful. since it is generally accepted that trees are not the best option for shielding
Chapter 1, Acoustical Waves, is entirely theoretical, dealing with theof noise.
physics of pressure, sound density, intensity, and other basic concepts such  The title of Chap. 7 is Acoustics of Enclosed Spaces. One would
as the plane, spherical, and cylindrical waves. Concepts of sound level, aspect the content to be close to Architectural Acoustics, which it does to
well as the sum and difference of levels, are also introduced here. some extent. However, it also contains issues not directly related, such as a
The second chapter is on effects of sound and vibrations. It starts witlgtudy on sound sources, measurement of acoustical power, and sound ab-
the description of the human ear, and deals mainly with hearing loss, alsorption in reverberant chamber. There is also a section on measurements in

though other effects from noise are also mentioned. The assessment of Noigg anechoic chamber, something not quite related to the subject of the chap-
is introduced in this chapter, explaining the weighting curves as well asg,,

some criteria for annoyance and speech interference. Effects from vibrations o other 50 pages or so are dedicated to sound absorption and absorp-

are also treate_d here, _alt_hough _neither ;he_ phys_ical phenomenon nor _ﬂ?ﬁ/e silencers in Chap. 8, material complemented by a study of acoustic
ur_uts are explameq. This is a Serious omission, since a reader not fam'l'é\‘ﬁters and resonators in Chap. 9. Probably those two chapters contain more
with this SUbJeCt.W'" ha_1ve a hard time to go thr_ough It practical applications than the previous seven. The same can be said regard-

Chapter 3 is dedicated to measurement |nstrum_ents. As expected, i| g the remaining Chaps. 1(Vibrations and Impact Isolation11 (Noise
covers the range of sound level meters, analyzers, dosimeters, etc. Althougr%m Machinery, and 13(Engineering Noise Contrp

there is a great deal of material dealing with the different kind of signals, . . ; ) .
there is very little that a practitioner could find to help him choose the right An entire chapter(Chap. 12 is dedicated to hearing protection de-

instrument for a particular measurement. Also missing are instructions ogllch?s.tOn;anguld ex:)'ect_thls ZUbJ?C.t thot Eefdea:; W'.th rlght e’i\lfte_r Cgap. 2
how to perform the measurement itself and how to report the results. Pal Iet(; sc;] 9'3‘;—‘] on ﬁaflﬁgin not rig The ore nglneen:g loise Con-
ticulars on the measurement of impulse noise are also missing. trol, but that is the author’s prerogative. The quite comprehensive treatment

A quite serious theoretical analysis of the issue of sound radiation Opf this subject includes nonconventional devices such as those using active
vibrating structures is the subject of Chap. 4. There is also an attempt t§°iS€ control as well as linear protectors. i i
extract some practical conclusions, at the end of the chapter. However, the N Summary, this is a good reference book that will help fill the need

reader will only find general recommendations regarding the control of the©r POOks on acoustics in Spanish. One serious drawback, however, is the
vibrations. quality of the translation: not only are there serious language problems, but

Chapter 5 is one of the longe@0 pagek It deals with sound insula- also many technical terms and expressions are translated literally, as if the
tion. It provides a comprehensive review of concepts and definitions. Howiranslator did not have an acoustical background. This does not help the
ever, there is a need for a more in-depth analysis of the sound wave impingeader, who on top of difficulties with the technical content has to fight
ing on a surface, so that the reader can better grasp the concepts Gnguage problems.
reflection, absorption, and transmission.

Surprisingly enough, free field sound propagation is the subject ofALBERTO BEHAR
Chap. 6, instead of being dealt with before in Chap. 5. The chapter containistitute of Biomedical Engineering
the classical treatment by Maekawa as well as more recent developments hyniversity of Toronto, Toronto, Canada
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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
DAVID PREVES, Songbird Hearing, Inc., 5 Cedar Brook Drive, Cranbury, New Jersey 08512

CARL J. ROSENBERG, Acentech Incorporated, 33 Moulton Street, Cambridge, Massachusetts 02138
KEVIN P. SHEPHERD, M.S. 463, NASA Langley Research Center, Hampton, Virginia 23681
WILLIAM THOMPSON, JR., 601 Glenn Road, State College, Pennsylvania 16803

6,046,963 6,076,630

43.30.Yj DEPLOYABLE HULL ARRAY SYSTEM 43.30.Yj ACOUSTIC ENERGY SYSTEM FOR
Daniel M. Glenning, assignor to the United States of America as MARINE OPERATIONS
represented by the Secretary of the Navy

4 April 2000 (Class 367188); filed 11 September 1998 Loran D. Ambs, assignor to Western Atlas International,
Incorporated

This patent describes a planar, rectangular shaped, hydroacoustic, sen- o 3 ne 2000(Class 181110); filed 4 February 1999
sor array which is mounted on a rigid panel that can be stored in the space
between the inner and outer hulls of a double-hull surface vessel or subma-  An acoustic source for seismic exploration consists of a flexible closed
rine. The edges of the panel are supported by guide rails and an exit sldtousing18 containing an actuato0. This assembly is usually part of a
exists in the outer hull to allow the panel to slide out from between the twolarger apparatus that can be towed by a surface ship, or be remotely con-
hulls, by means of some motorized drive mechanism, to a deployed positiotrolled, or be itself an autonomous vehicle. The actu8®may be a me-

in the surrounding water.—WT chanical, electromechanical, pneumatic, hydraulic, electric, or any device

2

,,,,,,,,,,,,,,,,

18%,

6,050,361 s
43.30.Yj CAVITATION-RESISTANT SONAR ARRAY suitable for moving the flexible housint8. Upon excitation, the housing

expands or contracts resulting in a net volume displacement of the surround-
Anthony A. Ruffa and Thomas R. Stottlemyer, assignors to the ing water. A number of different embodiments of the housing shape and
United States of America as represented by the Secretary of the activation mechanism are discussed.—WT
Navy
18 April 2000 (Class 181108); filed 17 September 1998

The cavitation resistance of an array of closely spaced, low-frequency,
transducer elementgreferably class IV flextensional transdugesssaid to
be improved by filling the usual free-flooded interstices between the ele-
ments with rho-c rubber.—WT

6,088,299
6,076,629 43.30.Yj] VERTICAL HYDROPHONE ARRAY
. Louis W. Erath and Philip Sam Bull, assignors to Syntron,
43.30.Yj LOW FREQUENCY FLEXTENSIONAL Incorporated
ACOUSTIC SOURCE FOR UNDERWATER USE 11 July 2000(Class 367154); filed 4 December 1998
Rune Tengham, assignor to Unaco Systems AB A number of long line arrays of hydrophones are each supported on
20 June 2000(Class 181102); filed in Norway 30 April 1996 vertical cables that extend downward from surface floats that also serve as

A standard class IV flextensional transducer, consisting of a shell offMMunication ports to a towing vessel. The outputs of the several hydro-
elliptical cross section with an unspecified drive unit mounted within the Phones in each line are sequentially time delayed so that the output signals
shell, is described. Novelty seems to revolve around the fact that the shell gombine coherently for a vertically propagating acoustic wave. Because the
formed from two curved plates, connected together with hinge supports, anihdividual line arrays are not bottom anchored, the whole assembly can be
in how the drive unit is supported within the shell.—WT readily towed to another region of the ocean.—WT

1767 J. Acoust. Soc. Am. 109 (5), Pt. 1, May 2001 0001-4966/2001/109(5)/1767/12/$18.00 © 2001 Acoustical Society of America 1767



SOUNDINGS

6,151,277 1°\ 126
43.30.Yj HYDROPHONE WITH FERROELECTRIC 12a lm 18 1)1
SENSOR g* o ™~
142 e
- N
Louis W. Erath and Gary Craig, assignors to Syntron, 1 14b |V
Incorporated % 14a - lJ>
21 November 2000(Class 367173); filed 16 April 1999 | I~ -
24 =
A seismic-streamer line array comprises a number of coaxially posi- é i
tioned, cylindrical elements, each of which is fabricated from two half- >> 2 22 — |'>
cylinders 24 and 28 that are attached together around a central cable, not ‘I E I
shown. Each half-cylinder has a machined-out region that houses a hydro K
phone26 or 30. The piezoelectric sensors may be conformal in shape, as 28 1P
= N

26\

N N AY N 4 _ - - -~

N\ ) layer 12ais sufficiently acoustically transparent that an incident wage

—18 readily propagates through the lay&Pa to elementsl4b. Because the

cross-sectional area of each element is greater than if both sets were co-
planar, the capacitance of each element is greater with attendant improve-

/ / ment in the signal-to-noise ratio.—WT
%ﬁg / /] L 28
~—" , A / 6,108,429

N30
suggested by the figure, or simply flat discs that fit into the recessed regionél.s'38"]al SPEAKER ADAPTED FOR USE AS A

The two diametrically opposite hydrophones in each pair are eIectricaII)pENTER WOOFER IN 3-DIMENSIONAL
combined to form an acceleration-canceling sensor. The entire assembly SOUND SYSTEM
covered with a suitable, acoustically transparent, boot.—WT

Takeshi Nakamura and Yoshiaki Heinouchi, assignors to Murata
Manufacturing Company, Limited
22 August 2000(Class 381152); filed in Japan 15 April 1997

The inventors have miniaturized JBL’s triple-chamber bandpass de-
sign and fitted it with piezoelectric transducers. Whether small or large, it is

6,029,113 10
s
43.38.Fx DIFFERENTIAL HYDROPHONE " “ 1 " "
ASSEMBLY =~ > A
. . ‘ = / q\/
Roger L. Woodall, assignor to the United States of America as 20~ Piann H9 2
represented by the Secretary of the Navy K ] Al \ A

22 February 2000(Class 7021); filed 21 December 1998

The device consists of two piezoceramic hemispheres, electroded or L N 2
both inner and outer spherical surfaces, and oppositely polarized. The hemi22 ~L 1/
spheres are bonded together to form a sphere. Electrical leads are brougt K] \
from each of the four hemispherical electrode surfaces as two pairs of
twisted shielded leads. The four leads are suitably connected to a differentia H !
summing amplifier so that the signals from the two halves generated by ] (i Il
some incident acoustic wave are additive while common mode noise signals / N : %
are nulled. —WT I Q\ Lo //'" x

y 160" 16a
163 | S —
16 16
18

still a variant of the original Bose multiple porting loudspeaker system dis-

closed in United States Patent 4,549,631.—GLA
6,046,961

43.38.Fx MULTI-LAYER TILED ARRAY 6,111,970

Maurice J. Griffin et al, assignors to the United States of America 43.38.Ja SUSPENSION FOR HIGH POWER

as represented by the Secretary of the Navy PLEATED RIBBON TRANSDUCER
4 April 2000 (Class 367153); filed 16 December 1996

A sonar sensor array comprises two parallel planar sheets of PVDF  Alexander Voishvillo and Laszlo Megyeri, assignors to Cerwin-

material,12aand12b, each configured as a grid of square elemé#dsand Vega, Incorporated ,
14b. The elements of one layer are laterally displaced by one-half the 29 August 2000(Class 381398); filed 7 November 1997
center-to-center spacir’, in two orthogonal directions, from those of the In the past year or so there has been a revival of interest in Heil's “Air

other layer. The signal from each element is conditioned by an individuaMotion Transformer,” which uses a meandering conductive ribbon bonded
preamplifierl6 and passed to a beamfornie8. It is assumed that the outer to a pleated diaphragm. The original design was notoriously sensitive to heat
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buildup. At moderate power levels, by today’s standards, the diaphragm 6,127,919

SOUNDINGS
assembly would expand and buckle, changing sensitivity and response char-

acteristics. This clearly written patent describes several modifications tha13.38.Ja REARVIEW VEHICLE MIRROR WITH
maintain precise diaphragm geometry and provide improved hea}B\UDIO SPEAKERS

dissipation.—GLA

James P. Wylin, assignor to DaimlerChrysler Corporation
3 October 2000(Class 34@425.9; filed 10 March 1999

A combination rear view mirror and loudspeaker is proposed for an
automobile. One or two tweeters are hidden from passengers’ view, pointing
6,115,477 toward the windshield. —KPS

43.38.Ja DENTA-MANDIBULAR SOUND
TRANSMITTING SYSTEM

. . . - 6,091,828
Andrew S. Filo and David G. Capper, assignors to Sonic Bites,
LLC o 43.38.Kb DYNAMIC MICROPHONE
5 September 2000(Class 381151); filed in Germany 23 January
1995 Hiroshi Akino and Shioto Okita, assignors to Kabushiki Kaisha
This acoustic lollipop generates audible signals via bone conduction. It Audio-Technica

18 July 2000(Class 381355); filed in Japan 26 December 1997

This clever microphone design combines a conventional microphone
capsule and a vibration detecting assembly. The vibration detecting appara-
tus provides both electrical and acoustical feedback to minimize noise
caused by external vibrations.—GLA

6,111,966
43.38.Kb CAPACITOR MICROPHONE

Raimund Staat, Burgwedel, and Claus-Peter Hinke, Burgdorf,
can be actuated by an electromechanical transducer or a music box both of Germany
mechanism.—GLA 29 August 2000(Class 381174); filed in Germany 11 April 1997

Moisture is the enemy of capacitor microphones. Tiny, concealed mi-
crophones as used in musical productions can easily be contaminated by
sweat. The design patented here incorporates a second, lighter diaphragm
that serves as a moisture barrier.—GLA

6,122,385
43.38.Ja SOUND REPRODUCTION APPARATUS
WITH STABLE FEEDBACK 6,122,389
Fumiyasu Konno et al, assignors to Matsushita Electric 43.38.Kb FLUSH MOUNTED DIRECTIONAL
Industrial Company, Limited MICROPHONE

19 September 200QClass 38196); filed in Japan 16 July 1996

It has long been known that the far-field response of a closed or vented ~ SteVen R. Grosz, assignor to Shure, Incorporated
box loudspeaker can be derived from a pressure microphone inside the box. 19 September 200qClass 381361); filed 20 January 1998
The invention utilizes this arrangement in a feedback loop. The patent ar- This cardioid microphone assembly uses side-entry waveguides to al-
gues that this provides better stability over a greater bandwidth than neatew flush mounting. The patent is short, clearly written, and includes mea-
sured performance curves.—GLA

11
s 10 /
* Power
- Amplifier
6,088,460
43.38.Lc EQUALIZER AND AUDIO DEVICE USING
THE SAME
Adder Fiter || Microphone
| Amplifier Hiroyuki Funahashi and Ichiro Yokomizo, assignors to Rohm
Company, Limited
Ny N s 11 July 2000(Class 381101); filed in Japan 8 November 1994
field pickup at the front of the cone. For a small box this may be true. An analog audio equalizing circuit is described which is intended for

However, it has also been known for more than 50 years that sound pressuuse with portable, battery-operated stereo systems. In comparison with prior
is uniform inside the box only at frequencies whose wavelengths are morart, the circuit is said to provide higher audio quality at relatively low supply
than eight times the largest box dimension.—GLA voltages.—GLA
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6,124,542 6,111,964
43.38.Md WAVEFUNCTION SOUND SAMPLING 43.38.Si MICROPHONE DEVICE NAVIGATION
SYNTHESIS SYSTEM, COMMUNICATION DEVICE,

AUDIO DEVICE, AND MOTOR VEHICLE
Avery L. Wang, assignor to ATI International SRL

26 September 2000 Class 84603); filed 8 July 1999 Yasuhiro Ishibashi, assignor to Sony Corporation
Digital waveform synthesizers change pitch by changing the sampling 29 August 2000(Class 38186); filed in Japan 27 September 1996

frequency. In most cases this requires a fairly complicated interpolation A microphone in an automobile is proposed for use in controlling a
scheme, involving trade-offs between sound quality and computational coshayigation system or stereo, or for use with a mobile telephone. The micro-
This invention uses waveform synthesis instead of pulse code modulation tghone is mounted on the end of a rotatable arm, the base of which is
overcome many prior art limitations. Difficult interpolative computations are
performed off-line, greatly simplifying real time operations.—GLA

6,124,895

43.38.Md FRAME-BASED AUDIO CODING WITH
VIDEO/AUDIO DATA SYNCHRONIZATION
BY DYNAMIC AUDIO FRAME ALIGNMENT

Louis Dunn Fielder, assignor to Dolby Laboratories Licensing attached to the driver’s side A-pillar. In contrast to other mounting arrange-
Corporation ments such as the dashboard or sun visor, this arrangement is said to pro-

26 September 200QClass 348515); filed 17 October 1997 duce less interference with the driver’s field of view.—KPS
The patent gives a thorough review of the problems inherent in frame-

based editing and splicing. The invention combines several interesting tech-
niques to provide “near-perfect” splicing.—GLA 6,134,456

43.38.Si INTEGRATED MOBILE-PHONE
HANDSFREE KIT COMBINING WITH VEHICULAR
STEREO LOUDSPEAKERS

6,142,094 Stephen Chen, assignor to E. Lead Electronic Company, Limited
43.38.Pf DEPTH SENSITIVE MECHANICAL 17 October 2000(Class 45%569); filed 15 June 1998
ACOUSTIC SIGNAL GENERATING DEVICE A system that allows hands-free operation of a mobile telephone in an

automobile is described which relies on the audio components already
present in the car. An interesting aspect of this patent is the inclusion of
United States of America as represented by the Secretary of the sig_nal processing which allows the crz_aation of a sound field in yvhich the
Navy voice of t_he caller appears to be coming fror_n in front of‘the driver, thus
7 November 2000(Class 11670); filed 17 May 1999 encouraging concentration on the road while in conversation.—KPS

Edmund J. Sullivan and Robert W. Gauthier, assignors to the

A simple mechanical device for producing a one-time, transient,
acoustic signal is described. The device consists of a spring-supported piston
mounted in a closed housing. The piston is also held in place by a shear plug 5,982,903
set to rupture at a predetermined depth in the ocean because of the pressure

differential between the exterior and interior of the housing. Consequently43.38.Vk METHOD FOR CONSTRUCTION OF

the piston is pulled inward because of the pre-tensioned support sprlngrRANSFER FUNCTION TABLE FOR VIRTUAL

whence it bottoms against a stop in the housing thereby creating the tran-

sient acoustic signal—WT 'EOUND LOCALIZATION, MEMORY WITH
THE TRANSFER FUNCTION TABLE RECORDED
THEREIN, AND ACOUSTIC SIGNAL EDITING
SCHEME USING THE TRANSFER FUNCTION

TABLE
6,104,824 Ikuichiro Kinoshita and Shigeaki Aoki, assignors to Nippon
. Telegraph and Telephone Corporation
43.38.S1 HEADPHONE DEVICE WITH HEADBAND 9 November 1999 Class 38118); filed in Japan 26 September 1995
ARRANGED AROUND OCCIPITAL REGIONAL

In virtual reality systems, convincing out-of-head localization via
headphones can be achieved by filtering left and right signals through suit-
) . ) able pinnae transfer functions. These can be retrieved from lookup tables.

Tomohiro Ito, assignor to Sony (;orp(_)ranon Unfortunately, different listeners have different ears and different pinnae

15 August 2000(Class 381381); filed in Japan 13 March 1997 functions. One feature of the invention is a method for deriving representa-

This redesigned headphone/headband assembly is intended to be edsse functions from a large number of subjects. The patent includes useful
to wear and comfortable. Moreover, it automatically maintains proper rela-background information and more than 30 well prepared illustrations.—
tionships between driver units and auricles.—GLA GLA

OF THE HEAD
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6,108,430 hampered for transmission to the audience. When the holes are not aligned,
the sound is partially reflected back to the performer, to enhance his balance
43.38.Vk HEADPHONE APPARATUS and ensemble with other musicians.—CJR

Hirofumi Kurisu, assignor to Sony Corporation
22 August 2000(Class 381310); filed in Japan 3 February 1998

Virtual reality systems require a device to track the listener's head
movements and elaborate electronic trickery to generate virtual sound
sources in space. In effect, headphones are replaced by out-of-head-phones. 6,113,193
The patent describes a relatively simple circuit which combines digital fil-
ters, delays, and level adjustments, all controlled by a microcomputer.—43.50.Gf APPARATUS AND METHOD FOR
GLA AUTOMATICALLY REDUCING ENGINE EXHAUST

NOISE

Joseph D. Kunzeman, assignor to Caterpillar Incorporated
5 September 2000 Class 2981H); filed 2 February 1999

The engine exhaust gases on a dump truck are often routed through
ductwork in the truck bed in an attempt to reduce the tendency of material to
6,075,310 adhere to the bed’s surface in cold weather. When the bed is rotated to dump

. the load, the exhaust is routed through a second duct and muffler. This
43.40.R] ACOUSTIC TRANSDUCER WITH LIQUID- patent proposes the elimination of this second duct and muffler by reducing

IMMERSED PRE-STRESSED PIEZOELECTRIC the engine idle speed in response to a sensor which determines when the bed
ACTUATOR IN ACOUSTIC IMPEDANCE MATCHED has been rotated from its horizontal position.—KPS
TRANSDUCER HOUSING

Richard P. Bishop, assignor to Face International Corporation
13 June 2000(Class 310328); filed 17 April 1998

A hand-operated tool for finishing the exposed surface of a layer of
concrete comprises a working headhat houses one or more piezoelectric
vibrators12 each positioned within an oil ba®B. The transfer of vibratory
energy from the transducer to the layer of concf@is facilitated by the use 6,119,490
of an intermediate laye?2, the actual working face of the tool, which is

constructed as a fiber reinforced resin layer by the “pultrusion” technique43.50.Gf MATERIAL FOR SOUND-ABSORBENT
4 AND HEAT-INSULATING LINING OF AN

& AUTOMOTIVE ENGINE COMPARTMENT
‘3020b 12a Claus Schierz et al,, assignors to Asglawo GmbH—Stoffe Zum
34 Dammen und Verstarken
ey )>_}2 19 September 200Q0Class 66170); filed in Germany 16 October
35 Sl | ~20a 1996
y—:_ A= _>/5ﬁ2b A material system is described which has both thermal and acoustical
I8 1 \ insulation properties, and is intended for use in engine compartments of
)12b 22 automobiles. Thermal insulation is provided by a layer of carbon fibers

supported by a rigid backing layer of thermoplastic fibers. Acoustically ab-

so that a gradient in the number of fibers exists from the top to the botton$orbent material is placed between these two layers. Details of the non-
surfaces of this layer. Hence there is an impedance gradient through tH&oven stitching arrangement are given.—KPS

thickness of the laye22 whereby one can attempt to match the impedance

at the face22ato that of the oil batl38 and the impedance at fa@2b to

that of the concrete. —WT

6,135,238

43.50.Gf EXTENDED REACTION ACOUSTIC LINER
6,080,924 FOR JET ENGINES AND THE LIKE

43.50.Gf ACOUSTICAL REFLECTOR

Noe Arcaset al., assignors to Northrop Grumman Corporation

Norman Cowen, Van Nuys, and Christopher Weik, Studio City, 24 October 2000(Class 181292; filed 9 September 1996
both of California This is an extension to United States Patent 5,923,003. A typical
27 June 2000(Class 84453); filed 2 July 1999 acoustic liner for use in aircraft turbofan engines consists of a honeycomb
This device has holes in two rotating disks. The holes can be alignedayer sandwiched between an inner, acoustically porous layer and an outer
(or nob to allow more(or les3 of the sound from a musical instrument to impervious layer. This patent proposes, in contrast to typical practice, that
pass through the device. When the holes are aligned, the sound passes meighboring honeycomb cells be in fluid/acoustical communication. This
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L
DIRECTION
introduces an additional acoustical absorption mechanism due to viscous
losses between the cells. Also, layers of honeycomb, separated by porous
septa, are described in which at least one of the layers has cells which are in
fluid communication.—KPS

6,135,541

43.50.Gf AUTOMOBILE DOOR TO PROVIDE HIGH-
QUALITY CLOSING SOUND

Lawrence Geise et al, assignors to Honda Giken Kogyo
Kabushiki Kaisha
24 October 2000(Class 296188); filed 12 August 1998

“An acoustical vibration damping system for a car door utilizes the
side impact beam and connects intermediate areas of the beam to the inside
of the outer skin by means of at least one intermediate bracket. An absorb-
ing adhesive is used in the connection.”—KPS

through the reduction of vortex intensity and by modifying the geometry of
the interaction of the vortex line and the blade leading edge. Relative to a
blade having a rectangular planform and the same tip speed, this blade

6,112,167 design yield a 6 dBA) reduction in BVI noise. Furthermore, reductions of
. 4-5 dBA) are achieved in level flight with reduced power consumption.—
43.50.Lj TIRE TREAD NOISE TREATMENT KPS

Paul Zakelj, assignor to BridgestongFirestone Incorporated
29 August 2000(Class 702191); filed 8 January 1998 6.123.170
A method to assess the spectral content of a tire tread pattern is de-
scribed. A typical tire consists of a small number of differing tread patterns43.50.Nm NOISE REDUCING CONNECTION
of varying lengths concatenated to form the circumferential pattern. TheASSEMBLY FOR AIRCRAFT TURBINE HOUSINGS

essence of this patent is to use spectrograms from short-time Fourier trans-

forms of the geometrical pattern, thus enabling the identification of circum- Alain Porte and Robert Andre, assignors to Aerospatiale Societe
ferential acoustical “hot spots.” AvATLAB code to accomplish this is Nationale Industrielle
included.—KPS 26 September 200@Class 181214); filed in France 19 August 1997

This patent concerns the deployment of acoustical treatment in the
inlet of aircraft turbofan engines. A means of mechanically connecting the
inlet nacelle to the remainder of the engine is described which allows the

6,116,857 duct area in the vicinity of the connection to be acoustically treated. —KPS
43.50.Nm BLADE WITH REDUCED SOUND
SIGNATURE, FOR AIRCRAFT ROTATING 6,119,807
AEROFOIL, AND ROTATING AEROFOIL
COMPRISING SUCH A BLADE 43.55.Dt SOUND ABSORBING ARTICLE AND

METHOD OF MAKING SAME
Wolf R. Splettstoesseret al, assignors to Onera
12 September 200QClass 416228); filed in France 10 September Vernon C. Benson, Jr. and Glenn E. Freeman, assignors to PPG
1997 Industries Ohio, Incorporated
The dominant noise source for a helicopter in its landing phase is 19 September 200qClass 181208); filed 13 January 1997

frequently so-called blade vortex interacti@VI) noise, in which a rotor This is an extension of United States Patent 5,796,055 and addresses
blade collides with the vortex generated by a previous blade passage. Thbe design of automobile glazing for noise and vibration reduction. Multi-

blade planform described here has leading and trailing edge camber whidayer systems are described, with various combinations of single and double
varies along the outer half of the blade. It is designed to reduce BVI noiseonstrained damping layers, and ranges of glass and damping layer thick-
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43.55.Ev ACOUSTIC PANELS HAVING PLURAL

nesses. Details of materials selected for testing are given, along with the 6,123,171
acoustical performance of some of the designs.—KPS

6,090,478 DAMPING LAYERS
43.55.Ev SOUND ABSORBING /SHIELDING AND Christopher P. McNett and John C. McNett, both of Indianapolis,
ELECTRIC WAVE ABSORBING PLASTIC Indiana
SHEET CONTAINING ENCAPSULATED MAGNETIC 26 September 200QClass 181290); filed 24 February 1999
FLUID, AND SOUND ABSORBING /SHIELDING This patent describes panels for sound absorption that have several
AND ELECTRIC WAVE ABSORBING layers in order to minimize transmission of sound, perhaps for aircraft or
PLASTIC PANEL vehicle sound isolation. The panel design has rigid outer layers, but a greater

number of flexible inner layers. The alternating rigid and flexible foam
Akihiko Nishizaki et al, assignors to Nitto Boseki Company, layers thus increase sound attenuation without increasing weight.—CJR
Limited; Matsumoto Yushi-Seiyaku Company, Limited
18 July 2000(Class 428297.9; filed 11 September 1996

The patent describes a light-weight sound absorbing and insulating
plastic sheet material apparently effective at low and medium sonic frequen-
cies. The sheet material can be used in building materials. The sheet in-
cludes magnetic fluid-enclosing capsuléise magnetic particles in an or- 6,082,490
ganic solvent so that the sheetand panels that use)itare useful in
absorbing sound and also in electro-magnetic wave shielding. The insuliind3.55.Pe MODULAR ANECHOIC PANEL SYSTEM
plastic sheet might be combined with a fiber-reinforced plastic sheet to formaND METHOD
the insulating panel.—CJR

Chris W. Rowland, Austin, Texas
6,109,388 4 July 2000 (Class 181295); filed 15 July 1997

These modular panels incorporate the necessary sound absorbing
wedges as well as structural members to form both a self-supporting shell of
an anechoic chamber and at the same time the materials for transmission
loss. The panels have compression clip mountings and the result is claimed
to be easier for assembly, repair, and replacement of damaged wedge tips.—
CJR

43.55.Ev SOUND ABSORBING MECHANISM USING
A POROUS MATERIAL

Kouji Tsukamoto et al, assignors to Mitsubishi Electric Home
Appliance Company, Limited; Mitsubishi Denki Kabushiki
Kalsha

29 August 2000(Class 181286); filed in Japan 31 August 1994

This is a sound absorbing porous plate material supported over a back
air space. The panels would be placed around a noise generating source. The
porous material forms resonating cavities in the back air spaces.—CJR

6,082,489
6,119,521

43.55.Ev APPARATUS AND METHOD FOR
MEASURING THE ACOUSTIC PROPERTIES OF Keijiro lwao and Yuji Shimpo, assignors to Nissan Motor

ACOUSTIC ABSORBERS Company, Limited
4 July 2000 (Class 181286); filed in Japan 7 March 1997

43.55.Rg SOUND ISOLATION PLATE STRUCTURE

Belur Shivashankara et al, assignors to Northrop Grumman This patent describes a sound isolation plate, most likely for use on the

Corporation undercarriage of a vehicle. The plate comprises a sheet of perforated board

19 September 200QClass 73589); filed 20 April 1998 with lots of holes and cylinders behind the holes. This permeability allows
This device essentially consists of two conventional impedance tubeghe panels to both reduce noise and dissipate heat.—CJR

placed side by side. Absorption properties of the test specimen pla@2d at

can be determined for a range of incidence angles by phasing of the signals

6,085,865

43.55.Rg SOUNDPROOFING PANEL AND METHOD
OF PRODUCING SAID PANEL

Osmin Regis Delverdier et al, assignors to Societe Nationale
d’Etude et de Construction de Moteurs d’Aviation; Ateca;
Hispano-Suiza Aerostructures

11 July 2000(Class 181292); filed in France 26 February 1998

) ) ) ) ) ) The soundproofing panel has a honeycomb core sandwiched between a
to the acoustical driver60 and62. This method is of particular interest for - gqjig skin and a porous skin. The cells of the honeycomb are divided into at

test specimens which have extended rather than locally reacting impedangg,s; o resonant cavities by an internal partition, which is traversed by
characteristics. —KPS
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6,122,867
43.55.Ti ACOUSTIC BUILDING STRUCTURE

Alain Leconte, assignor to Isover Saint-Gobain
26 September 2000(Class 52144); filed in France 2 December
1997

' The structure emphasizes separation of different masses with insula-
;' %\ ; sa tion in the airspace, thus creating a mass—spring—mass system for better
e2 | -—15; isolation. These rigid outer panels, or trays, are lined on the inside with
Y 4 ;
v ! R
1 |l 4 T OB
o1 7 "'V"
11,11a
Y .
J
12 \a
passages interlinking the cavities. The partitions are formed by hollow mi- ineral wool, and can be joined together to form a continuous panel for
crobeads that have porous walls.—CJR i, -
floors, partitions, and ceilings.—CJR
6,144,748
6,116,375
43.66.Ts STANDARD-COMPATIBLE, POWER
43.55.Rg ACOUSTIC RESONATOR EFFICIENT DIGITAL AUDIO INTERFACE

Robert Q. Kerns, assignor to Resound Corporation
12 September 200QClass 181224); filed 16 November 1995 7 November 2000(Class 381312); filed 31 March 1997

This resonator provides attenuation of sound within a conduit or Instrumentation is described for interfacing a hearing aid to a direct

HVAC duct. The resonating chambers are designed for specificauditory input auxiliary device and to achieve communication with a remote
frequencies.—CJR control. Bi-directional controlling data and audio information are exchanged

between the hearing aid and the auxiliary device. In one embodiment, the
auxiliary device receives an analog audio signal from a tape player and

211 226

Frederick A. Lorch, Ashland, Massachusettset al.

IN

223
6,112,849 osp ANALOG
227
43.55.Ti SOUND PROTECTION DEVICE FOR T ] 2 ] _ﬁ
RAILROAD TRACK SYSTEM a1y
b - —| INTERFACE eeprom |/ 210
Norbert Garbers et al, assignors to Phoenix Aktiengesellschaft 219
5 September 2000 Class 181210); filed in Germany 19 February 221~ )|
997 T = e
It is claimed that this sound protection device will reduce the propa- pwnono | | 1-OAm T aa !
gation of airborne sound from a rail track. The device includes an elastically CLOBKA] - 243 ! ;
deformable, low sound-protecting wall made of rubber or plastic alongside T sw | ! 25¢
X x pe A | 1 RX |
5 T a ekl il
DIGITAL INTERFACE : :
s 241 242 240 ! Ilm

sends it to the hearing aid. In another embodiment, a rf transponder or
receiver is connected to a microcontroller-based auxiliary device with input/
output information being transmitted digitally, for example to establish a

bi-directional communication link to a cellular telephone.—DAP

74
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43.66.Ts HEARING AID FACEPLATE AND
7 BATTERY COMPARTMENT
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Brian Fideler, assignor to Starkey Laboratories, Incorporated
4 g 4 7 November 2000(Class 381323); filed 8 April 1998
3 4 100 Hearing aid wearers with limited dexterity frequently have difficulty

(parallel with a rail. The wall is designed so that there will be no material changing hearing aid batteries. A small enclosure system is described that
damage in the event of any collision. The low wall has inner chambers tgermits easier insertion and removal of batteries by hearing aid wearers. A
increase absorption.—CJR flexible strip forms a living hinge to connect the battery door with the
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senses and essentially saves the lowest signal amplitude as the noise floor.
Thereafter, amplifier gain slowly decreases or increases if the noise floor

changes to be greater or less, respectively, than that previously sensed.—
DAP

6,119,081

43.72.Ar PITCH ESTIMATION METHOD FOR A LOW
DELAY MULTIBAND EXCITATION VOCODER
ALLOWING THE REMOVAL OF PITCH ERROR
WITHOUT USING A PITCH TRACKING METHOD

Yong-Duk Cho and Moo-young Kim, assignors to Samsung
hearing aid faceplate. When the door is removed from the faceplate, the Electronics Company, Limited
flexible strip creates a sling. When the door is closed, the flexible strip fits

12 September 200QClass 704207); filed in Republic of Korea 13
around the circumference of the battery and folds up.—DAP January 1998

The multiband excitation vocoder is known for having good voice
output quality over a wide range of bitrate settings. However, it suffers from
a long delay time required for pitch processing. This patent describes a

method for improving the pitch estimates using a short speech window. An
6,148,087 error function is computed in the normal manner over a range of pitch

100 J
”l N '

time(sec)

43.66.Ts HEARING AID HAVING TWO HEARING
APPARATUSES WITH OPTICAL SIGNAL
TRANSMISSION THEREBETWEEN

pitch

Raimund Martin, assignor to Siemens Augiologische Technik
GmbH

14 November 2000(Class 381327); filed in Germany 4 February j ) ! !
1997

1007
5

In a hearing aid fitting known as Contralateral Routing of Signals or -
CROS configuration, the signal from one side of the head is routed to the
other side by hard wire, inductive, or rf means. This patent describes an
optical method for routing the signals across the head. One possible imple:

L
[5]
=
o

of

0

, L . . e time(sec)
mentation transmits infra-red energy through a light waveguide contained i, igate values. This error is then multiplied by a normalized covariance
an eyeglass frame.—DAP

function, greatly reducing the tendency for pitch doubling and pitch halving
which tend to occur in short windows. The figures compare normal and
modified pitch tracks fol s of femalespeech.—DLR

6,125,344
6,151,400

43.72.Ar PITCH MODIFICATION METHOD BY
43.66.Ts AUTOMATIC SENSITIVITY CONTROL GLOTTAL CLOSURE INTERVAL EXTRAPOLATION

Peter Seligman, assignor to Cochlear Limited

Dong Gyu Kang etal, assignors to Electronics and
21 November 2000(Class 381317); filed in Australia 24 October Telecommunications Research Institute
1994 26 September 2000 Class 704207); filed in Republic of Korea 28
Some AGC or compression systems for hearing aids and other audi- March 1997

tory prosthetics have distracting audible “breathing” sounds caused by sud-

A method is disclosed for speech pitch modification based on a deter-
den gain increases during quiet periods in which no environmental noise imination of the glottal closure interval. Separate vocal tract resonance spec-

present. A compression system is described in which a minimum detectdra are measured corresponding to closed glottis and open glottis regions.
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[ M : : M : M : ground noises in the synthesis waveforms, although it is not clear how this
A s LA aa LA s would be done.—DLR

— — 6,122,609
43.72.Gy METHOD AND DEVICE FOR THE
V Af 7 ——"k OPTIMIZED PROCESSING OF A DISTURBING
. L I . b L i ! - SIGNAL DURING A SOUND CAPTURE
E‘ITAL Pascal Scalart and AndreGilloire, assignors to France Telecom
gtgg;ﬁ"e OPEN 19 September 200QClass 704226); filed in France 9 June 1997
INTERVAL INTERVAL Operating in both time and frequency domains, this speech noise re-

These spectral parameters are extrapolated through the time period of inteftuction processor is said to be able to remove both echoes and uncorrelated

est to generate the desired pitch structure and glottal closure intervals. THwises. The system is designed primarily for use in the interior of a vehicle

method depends on an electroglottograph signal, as shown in the centéar cleaning up the speech signal of a hands-free telephone system. Using

figure, recorded simultaneously with the input voice signal.—DLR both correlations and adaptive comparisons of spectral density, the device
forms estimates of both the speech signal and the disturbing noise, and
adaptively filters the latter from the former.—DLR

6,122,384
43.72.Dv NOISE SUPPRESSION SYSTEM AND 6.122 616
METHOD T
Anthony B. M _ oual | J 43.72.Ja METHOD AND APPARATUS FOR
nthony P. Mauro, assignor to Qualcomm, Incorporate
19 September 200QClass 38194.3; filed 2 September 1997 DIPHONE ALIASING
This noise reduction system is very similar to previously patented Caroline G. Henton, assignor to Apple Computer, Incorporated

systems which estimate noise levels within individual frequency bands. 19 September 200QClass 704258); filed 21 January 1993
When no speech signal is detected, a background noise level estimate is This patent presents a method of creating or modifying diphone seg-

recorded and the gain is reduced to a minimum. Speech sounds are ﬁlter?ﬁ'ents dynamically for use by a diphone synthesizer. The two primary ap-

GAIN plications are to fill in for diphones missing due to memory limitations and

L to provide synthesis with a flexible time base for use in video lip synch
productions. The set of phonemes is characterized using a traditional pho-
nological feature set. When a new diphone is needed, the feature sets of each
half-diphone element are used to search for similar half-diphone elements. A
set of rules is used in the search process to impose constraints on the types
of mismatch allowable in the substitution.—DLR

HIGH BAND[

6,119,085

43.72.Ne RECONCILING RECOGNITION AND TEXT
TO SPEECH VOCABULARIES

. 0 . ) SNR James R. Lewis and Kerry A. Ortega, assignors to International
into a number of bands and SNR values are estimated in each band to Business Machines Corporation

provide a gain setting for the band. The adjusted bands are recombined to 1o September 200qClass 704260); filed 27 March 1998

produce the speech output.—DLR ) . " o
This patent describes a process of reconciling the pronunciations of

words used by both recognition and text-to-speech systems, particularly in

the case where the two systems may have been provided by different manu-
6,119,086 X : )
facturers. The scheme would involve playing back the recognizer vocabu-
43.72.Gy SPEECH CODING VIA SPEECH lary items using the TTS system. There is no mention of the basic issue that
most such systems would use completely incompatible forms of vocabulary
RECOGNITION AND SYNTHESIS BASED ON PRE- representation.—DLR

ENROLLED PHONETIC TOKENS

Abraham Ittycheriah et al, assignors to International Business
Machines Corporation 6,119,088

12 September 200QClass 704267); filed 28 April 1998
This patent for a phonetic vocoder joins the list of several similar 43.72.Ne APPLIANCE CONTROL PROGRAMMER
patents issued recently. It is not clear how this one differs from the others. IrlrJSING VOICE RECOGNITION

this case, the preferred transmission unit is the lefeme, defined as a context- ) ) )
dependent acoustic phone. A preference is noted for the use of an HMM-  Sary Ciluffo, Vincennes, Indiana

based recognizer and some varietyrsgram waveform segment synthe- 12 September 200qClass 704275); filed 3 March 1998

sizer. There is also some discussion of the fact that speaker-dependent This voice-controlled remote unit is designed to operate a device such
approaches at the sending and receiving ends are independent, the choicessfa TV or VCR. It is distinguished from earlier voice-operated remotes in
which provide some flexibility. There is also a mention of including back- the emphasis on speaker identification. Several speakers may be enrolled for
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6,122,614

43.72.Ne SYSTEM AND METHOD FOR
AUTOMATING TRANSCRIPTION SERVICES

—16"

Jonathan Kahn et al, assignors to Custom Speech USA,
Incorporated
19 September 2000 Class 704235); filed 20 November 1998

coo —+{—16

access to the unit and any of their voices will be accepted, while a nonen- This multi-user speech recognition and transcription system maintains

rolled speaker will be ignored. There is a hierarchical protocol to resolve® proficiency level for each user. A dictated voice file to be transcribed is

commands given simultaneously by multiple enrolled speakers.—DLR processed according to the user’s level. The voice file for a newly enrolled
user is sent directly to a human transcriber and the resulting text is sent back

to the user and is also used with the voice to train the recognition system. A
file from a user-in-training is checked by the human and may be used for
further training. Once a certain proficiency level is reached, the recognizer
6,119,089 output is returned directly without human intervention. The routing is auto-

matic, based on the user’s history and the current recognition results.—DLR

43.72.Ne AURAL TRAINING METHOD AND

APPARATUS TO IMPROVE A LISTENER’S ABILITY

TO RECOGNIZE AND IDENTIFY SIMILAR

SOUNDS

Athanassios Protopapas, assignor to Scientific Learning
Corporation
12 September 2000 Class 7042798); filed 20 March 1998

The assignee of this patent has recently been working with individuals

having a type of perceptual defect in which similar normal speech soundas 72 Ne SPEECH RECOGNIZER USING SPEAKER
cannot be distinguished, but if slowed or otherwise exaggerated, can be. The™ "~ ™"

patent describes a software method of linearly stretching a speech sound fefATEGORIZATION FOR AUTOMATIC

any of several ways in a transform space. During use, the system woulREEVALUATION OF PREVIOUSLY-RECOGNIZED
present a sequence of sounds constructed with progressively decreasi
amounts of stretch, based on feedback from the subject.—DLR quEECH DATA

6,122,615

Kenji Yamamoto, assignor to Fujitsu Limited
19 September 2000Class 704252); filed in Japan 19 November

1997
6,122,613 The speech recognition system described here consists of a number of
well-known, prior-art recognition components. It is not clear that any of the
43.72.Ne SPEECH RECOGNITION USING final arrangements is any more novel than any of the components. The input
MULTIPLE RECOGNIZERS (SELECTIVELY) speech is stored, allowing multiple accesses by the system. In addition to
APPLIED TO THE SAME INPUT SAMPLE basic speech recognition, a speaker characterization step is also performed,
consisting of at least gender identification. These results are fed back to the
James K. Baker, assignor to Dragon Systems, Incorporated recognizer, providing better recognition results on a second pass.—DLR
19 September 200QClass 704235); filed 30 January 1997
This patent describes a speech recognition system organized to provide
the highest possible accuracy in a situation where extra resources may be
allocated to the task. Specifically, two or more recognizers may operate on
the same speech input. The results are combined by forming a union of the
/-309
R O_fﬂing
= S 6,123,548
DR 310 43.72.Ne METHOD AND DEVICE FOR ENHANCING
= THE RECOGNITION OF SPEECH AMONG

SPEECH-IMPAIRED INDIVIDUALS

MONITOR
301 303+ /—311

Real Time Combi Paula Anne Tallal et al, assignors to The Regents of the
INPUT Recognizor 317 ombiner . . . .. . .
SPEECH University of California; Rutgers, The State University of New
C=XrARARN Jersey
o O e TION 26 September 200QClass 434185); filed 8 December 1994
by Speaker

307 A number of patents have issued recently dealing with ways to help

recognized words and a weighted average of the respective word score@vercome a type of perceptual defect often known as specific language
These results are in a form suitable for use by a human transcriptionist, whitnpairment (SLI). The perceptual defect results in the lack of ability to
would verify the recognition accuracy.—DLR identify sounds with rapid frequency transitions. This patent presents a com-
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8 words but spoken with different dialects or different languages. Specific
x details of the procedure for selecting a vocabulary are not discussed, but it
[
!;h\ appears that the idea would be to test similar words from multiple vocabu-
r —1 T laries, pursuing some type of search procedure in order to find the one which
o 40 80 240 most closely matches a sample of input speech.—DLR
TIME (ms) )
puter system for modifying a speech signal, such as shown in the first figure, 6,119,084

to a new signal with slower transitions, as in the second figure. It is said that

the process can also help with certain age-related hearing problems and wit3. 72.Pf ADAPTIVE SPEAKER VERIFICATION
some adult foreign language learning situations.—DLR APPARATUS AND METHOD INCLUDING
ALTERNATIVE ACCESS CONTROL

6,125,341
Tracy Roberts and Craig A. Will, assignors to Nortel Networks
43.72.Ne SPEECH RECOGNITION SYSTEM AND Corporation
METHOD 12 September 2000 Class 704246); filed 29 December 1997

) The use of speaker verification techniques over the telephone system
Hagréofksizﬂgofa?%npam M. Brennan, assignors to Nortel .o pheen limited due to the known problems of accuracy in the case of
. varying speaker environments. The method presented in this patent allows
26 September 2000Class 7048); filed 19 December 1997 an alternative method of identification, such as touch-tone entry, in the event
This speech recognition system is organized such that a fairly largef voice ID failure. When the caller uses such an alternate, the collected
number of recognition vocabularies can be stored in memory and easilyoice record is added to the verification database to improve future
activated for the recognizer. The vocabularies may contain similar sets oficcuracy.—DLR
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Text data mining is a burgeoning field in which new information is extracted from existing text
databases. Computational methods are used to compare relationships between database elements to
yield new information about the existing data. Text data mining software was used to determine
research trends in acoustics for the years 1970, 1980, 1990, and 1999. Trends were indicated by the
number of published articles in the categories of acoustics usingdhmal of the Acoustical
Society of Americ&JASA) as the article source. Research was classified using a method based on
the Physics and Astronomy Classification SchedPACS. Research was further subdivided into

world regions, including North and South America, Eastern and Western Europe, Asia, Africa,
Middle East, and Australia/New Zealand. In order to gauge the use of JASA as an indicator of
international acoustics research, three subjects, underwater sound, nonlinear acoustics, and
bioacoustics, were further tracked in 1999, using all journals in the INSPEC database. Research
trends indicated a shift in emphasis of certain areas, notably underwater sound, audition, and speech.
JASA also showed steady growth, with increasing participation by non-US authors, from about 20%
in 1970 to nearly 50% in 1999. @001 Acoustical Society of America.

[DOI: 10.1121/1.1366711

PACS numbers: 43.10.LIADP]

I. INTRODUCTION recent full year since the end of the Cold Wd©999. No
data prior to 1969 is available from the citation database.
Text data mining(TDM) is a nascent field of research
where computational methods are used to analyze large te
databases, yielding previously unknown informattofDis- Limitations in using the scientific citation databases are
tinct from information retrieval(lR), which is the process of primarily monetary cost and computational burden. A scien-
filtering needed information from large, intractable data-tific database search for journal articles, conference proceed-
bases, TDM produces new information by discovering relaings papers, patents, etc. may result in thousand of citations,
tionships between seemingly disparate elements of such d&ach costing about $2. For instance, a search for acoustics
tabases. Techniques from computational linguistics an@rticles published since 1969 results in 120145 citations
statistical and adaptive algorithms are used to extract inforfrom INSPEC, a citation database for physics, electrical en-
mation that can be used for decision making by managers dfineering, and computing. A similar search results in 79911
science and technology. Specifically, TDM can be used t@itations from Ei Compendex, a database that concentrates
discover trends and patterns in large data sets for use @@ engineering topics. Limiting the acoustics search to the
decision makind:sJA TDM software package‘[ECH OASIS years 1999 and 2000, INSPEC erIdS 6184 citations and Ei
(Search Technology, Inc, Atlanta, GAis used to evaluate Compendex yields 3956, with only a 15% overlap between
acoustic research trends for the years 1970, 1980, 1990, afe two. Thus, the cost of a comprehensive analysis of all
1999. These years are representative of the US—Soviet Unigioustics journal articles in INSPEC or Ei Compendex is up
Cold War, since the intention of this research is to determind® @ quarter of a million dollars. The cost of a single year's
the changes in the focus of acoustic research over the peri@FOUstic citations limited to one of the aforementioned data-
of the Cold War. The Journal of the Acoustical Society ofases is well over $10000. Additionally, the computational
America (JASA) is used to determine acoustic researchPurden associated with tTEECH OASIS software is formi-
trends over the last 30 years. The total number of JASAfable. By focusing the research exclusively on JASA the
articles is fewer than 700 per year and evaluating a singldata sets are limited to fewer than 1000 citations. A single
journal provides continuity in this type of analysis. The rep-Pentium computer is then capable of the required computa-

resentative years are chosen to include the period of the Cof{Pn in @ reasonable time.
War (1970, 1980, the Cold War transition period corre-
sponding to the fall of the Soviet Unigqd990, and the most . MATERIALS AND METHODS

A scientific database search is used to get acoustic cita-
dElectronic mail: mpestorius@onrifo.navy.mil tions for the years 1970, 1980, 1990, and 1999, with specific

ﬁ. Limitations on database searches
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data on acoustic subspecialty, country affiliation, institu-from interfering with the analysis, the analysis is restricted to
tional affiliation, author name, etc. Each year’s publicationsapproximately 90% of journal articles, in favor of the more
from JASA are analyzed to specify whether the country afprolific subspecialties.

filiation was from US or non-US origin. Additionally, each

year's results are analyzed to determine which of sevel. Data mining software

world regions is the location of the originator. The regions

specified are North AmericéCanada, US, Mexido South The analysis is performed by the data mining software,

. . TECH OASIS developed by Search Technology and the Geor-
America, Western Europgon-Soviet bloc European coun- gia Tech Research Corporatig8TRC). It is commercially

tries), Eastern Europdincluding the Soviet Union Asia, known as Vantage PoiliSearch Technologies, Inc., Atlanta
Middle East, Africa, and Australia/New Zealand. The acous-GA) TECH OASIS derives fromToAK. a UNIX-'base:d Soft- '
tic subspecialties are classified according to PACS, thOng{R/are system that utilizes advanced search algorithms to as-

the PACS are slightly condensed in order to reduce reduns'ist in evaluating and analyzing large text databases for tech-

dant areas. Finally, in order to gauge the usefulness of usinlgology forecasting® TECH oasisis designed for technical

JASA as an mdpatqr of wqudW|de acogsﬂcs_ researc_h, th nagers to determine trends and technological and research
acoustic subspecialties nonlinear acoustics, bioacoustics, ar

) . erdependencies in order to make technology forecasts,
underwater sound are searched for in the entire INSPEC d<’f}\'/hich in turn may assist in reaching funding decisions or in
tabase for the year 1999.

optimizing research collaborations. Additionally, such text
A. Literature database data mining may be used for literature-based discovery, in
which relationships between seemingly unrelated text data-

The INSPEC database is used for the searches on r_ase elements result in new hypotheses. For example, Swan-
ticles in acoustics. INSPEC is a scientific database estab- yP : Pie,

lished in 1967 by the Institution of Electrical Engineers sonet al. were successful in finding. such a relationship in
(IEE). The INSPEC database covers areas of physics anlé’ayr)guds Syndrome, a yascglar disease of_}?e body’s ex-
. . : i P ) ; _tremities, and the use of fish oil as treatmbtt:
engineering, with specific classifications in physics, electri- : .
Although TECH OAsIs is capable of analyzing a large

cal and electronic engineering, computers and control, and o ST
number of text databases comprising technical journals, con-

information technology. All searches are restricted to theference proceedings, patents, news services, etc., the analysis
Journal of the Acoustical Society of America, except for cer-, : ' ! S

tain specified areas in 1999 in which the entire database was restricted to the_ IN.S.PEC _databasg. 'I_'he search r esulfcs are
searched. analyzeq gr?d th_e individual journal C|tat|qns are divided into
more primitive field elements, such as titles, keywords, au-
thors, country of origin, PACS, etc. The primitive field ele-
ments are then cross correlated to track acoustical research
by acoustic subcategory and geographic origin.

Four processing stages for the raw data consisting of

The areas of acoustics research are delineated by tRBASA citations for the four representative years are per-
Physics and Astronomy Classification Sche(RACS pre-  formed. First, the affiliations of all papers in each year are
pared by the American Institute of Physi@siP) and Inter-  determined to be either of US or non-US origin. Second, the
national Council on Scientific and Technical Information number of articles published according to acoustic subspe-
(ICSTI). PACS classifies all area of physics and astronomycialty, based on the PACS codes, is determined. Third, the
in a hierarchical scheme for use in journal classificationsnumber of papers in each acoustic subspecialty according to
among other uses. JASA uses the PACS codes in the journal,
though the PACS have changed during the period 1970-
1999, with the two most recent versions promulgated in 1991
and 1999.

The AIP included an Acoustics Appendix to PACS in
1975, with updates accepted from ASA from time to time.
For the purpose of classifying acoustic subspecialties with @
respect to their relative importance in the field of acoustics, g
the PACS codes are slightly condensed to account for certail.g'
redundancies. For instance, the PACS code for Underwate 2
Sound in the Acoustics Appendix, A4330, is condensed With% 100
the PACS code A9210V, for Underwater Sound in the sec- 3
tion Geophysics, Astronomy, and Astrophysics. In most
cases these substitutions are obvious, with the exception c
the year 1970 when the Acoustics Appendix to PACS did not
yet exist. In this case, the acoustics subspecialties are con-

densed in a manner most likely to correspond with the lateFIG. 1. The numbers of articles in JASA for the years 1970, 1980, 1990,
years and 1999 are presented here, broken down by US and non-US sources.

. . While the number of US sources remains nearly constant, the percentage of
Additionally, in order to prevent extremely small aCOUS- 1on.us sources increases steadily, from about 17% of total articles in 1970

tics subspecialtiedewer than two or three citations per ygar to 48% in 1999.

B. Physics and astronomy classification scheme
(PACS)
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TABLE I. The breakdown of acoustic subspecialties for the years 1970for each year. Less popular subspecialties are not shown and

1980, 1990, and 1999 is shown here. The percentage values indicate ”&’ccounted for fewer than ten percent of the total publications
relative number of papers published in JASA in the given subspecialities fo%Or each year

that year.
Subspecialty 1970 1980 1990 1999 D. Breadth of coverage of JASA in three acoustics

Audition 214 154 226 245 areasin1999
Speech 51 98 81 144 The number of journal articles in the INSPEC database
Underwater sound 11.8 210 188 135 . 1999 for th Hi h d t d
General linear acoustics 23.7 19.4 115 7.4 n - or the E}COUS ICS _researc ) argas un e'twa er sound,
Structural acoustics 78 40 57 6.0 honlinear acoustics, and bioacoustics is shown in Table IV.
Acoustic noise 3.6 1.7 1.9 4.9
Ultrasonics, quantum, physical 34 12 36 47 |v. DISCUSSION
Measurement 1.4 2.7 29 4.1
Bioacoustics 22 00 38 36 The TDM methods reveal information about the shifting
Transduction 55 27 22 34 nature of acoustics research in the last 30 years, as well as
Music and musical instruments 08 17 19 33 ghowing the increasingly international status of JASA. While
Nonlinear acoustics 2.8 5.2 4.8 33 th Its f 1970 t d to th ianifi fl
Acoustic signal processing 0.0 7.1 3.8 2.3 _e resuits rom : are suspect, ue_ 0 e signimcantly
Architectural acoustics 25 15 15 20 different classification scheme of acoustic subjects, the sub-
Aeoroacoustics and atmospheric sound 1.0 3.3 2.9 1.4 sequentyears have enough continuity in classifications that a
General 19 27 34 00 trend in worldwide research is obtained. The caveats for in-

terpretation of the results presented in this paper include the
o ) ] ) efficacy of using a single journal, JASA, for trend analysis,
world region is obtained. These world regions are listed earg,o adaptation of the PACS for year-by-year comparisons
lier in the Mat_erials and Methods section of this paper. Fi,'and, more fundamentally, the use of quantity of published
nally, the entire INSPEC database for the year 1999 iSicies as a measure of research activity. While the use of
searched in each of the three subspecialties, bloacousn%amity of published articles may be justified, as it is a

nonlinear acoustics, and underwater sound. simple model lending itself to the most deterministic analy-
sis, the use of JASA and the modified PACS schemes must
Ill. RESULTS be kept in mind for any interpretation of these results.

A. US versus non-US affiliations A. US versus non-US affiliations

The results of the_ analysis .shO\./vmg publication by US 4 4y most obvious trends uncovered in this paper are
and non-US authors is ;hown In Fig. 1. The graph Show%hown in Fig. 1. The number of papers published in JASA
total number of JASA articles in both categories for the yearg, raases steadily in the period shown. Additionally, the per-
1970, 1980, 1990, and 1999. centage of non-US affiliations also increases steadily from
17.3% in 1970 to 48.2% in 1999. The number of US sources
remains nearly constant at about 300—350 per year, and the

The breakdown of acoustics articles by research area foworld region analysis shows that most of the increase comes
the years 1970, 1980, 1990, and 1999 is shown in Table from Western Europe and Asia, primarily the former. This
The research areas are classified by a method based rcrease comes about even with the existence of a prominent
PACS. European acoustics journal, Acta Acustica, and the Chinese

Journal of Acoustics.

B. Research areas by year

C. Research areas by world region

The breakdown of acoustics articles by research area foBr' Research areas by year

the years 1980 and 1999 are shown in Tables Il and lll. The  Table | shows trends for several acoustic categories,
ten acoustics subspecialties with the most articles are showthough most areas have too few contributions to make any

TABLE Il. The breakdown of acoustic subspecialities by world region in 1980.

North South Western Eastern Australia Middle
Subspecialty TotalAmerica America Europe Europe Asia N. Zealand Africa East

Underwater sound 101 86 1 7 3 4
General linear acoustics 93 70 17 3 1 2
Audition 74 62 10 2
Speech 47 43 4
Acoustic Signal Processing 34 27 2 5
Nonlinear acoustics 25 16 3 1 5
Structural acoustics 19 6 1 3 8 1
Atmospheric sound 16 10 3 2 1
Measurement 13 10 1 2
General 12 10 2
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TABLE Ill. The breakdown of acoustic subspecialties by world region in 1999.

North South  Western Eastern Australia Middle

Subspecialty Total America America Europe Europe Asia N. Zealand Africa East
Audition 156 92 53 2 4 4 1
Speech 92 49 2 33 1 3 3 1
Underwater sound 85 64 17 1 3
General linear acoustics 47 19 1 18 1 5 2 1
Structural acoustics 38 16 10 9 2 1
Acoustic noise 31 14 10 3 4
Ultra., Quant., Physical 30 19 5 2 4
Measurement 26 16 4 5 1
Bioacoustics 23 19 3 1
Transduction 22 12 4 6
Music 19 6 9 3 1

statistically significant conclusions. Audition increases fromD. Breadth of coverage in acoustics research by JASA

19_80 .to 1999, while speech shows a large increase in 1999_. Al results in this paper hinge on using JASA as an
This increase corresponds to a commensurate decreasei icator of worldwide acoustics research. In 1999, nearly
underwater ;ound from 1980 to 1999' The anomalously IOVleh‘ of all articles are from non-US sources, indicating that
pfarcentage N l_J_nde_rwater sound in 1970 may be due to _tthSA is a reliable indicator, though several international
different cIaSS|f|cat|qn scheme. Ge_neral linear a_COUSt'C_?:lcoustics journals exist, including Acta Acustica, Acoustical
shows a steady decline over the entire 30-year period. Th'?hysics(Russia, and the Chinese Journal of Acoustics. Ad-

phenomenon_may be due to t_he _deplet_|on ‘_)f research_ areasdiri}ionally, the American Institute of Physid&\IP) and the
linear acoustics. The nearly indiscernible increases in othqrn titute for Electrical and Electronics EngineefEEE)
subjects, such as bioacoustics and ultrasonics, quantum, aB blish journals with significant acoustics components.

physical acoustics, may indicate increasing diversity "NTable IV shows that for the acoustic categories of nonlinear

acoustic research, away from linear acoustics. acoustics and underwater sound, JASA published more ar-
_ ticles than any other source. For bioacoustics, IEEE pub-
C. Research area by region lished more, though the number was included in more than

The results for the years 1970 and 1990 are not tabuone IEEE journal.
lated, as the results for 1970 are difficult to reconcile with
the later years which use the Acoustics Appendix for PACS.
The results for 1990 are not shown as they differ little fromy. CONCLUSIONS
the trends shown by the differences between 1980 and 1999.
The small numbers of articles in South America, Eastern  Keeping in mind the caveats of TDM and of the use of
Europe, Africa, the Middle East, and Australia/New ZealandJASA as an indicator of international acoustic research
make firm conclusions about any trends in these region§ends, JASA is shown to be an international journal of
highly unreliable. The only conclusion is that these regionsicoustics research. A shift in research focus away from un-
show an increase in submission to JASA, corresponding tferwater sound and general linear acoustics and toward
the increase in non-US sources shown in Fig. 1. The trend ifPeech, audition, and, to a lesser extent, bioacoustics is docu-
Western Europe, Asia, and North America also points to in‘mented over the period 1980 to 1999. The slightly shifting
creased international participation in JASA and additionaffocus of other research areas is also documented, though a

information about acoustic categories confirms the trend§ore comprehensive, and hence more expensive, analysis is
about shifting research focus areas. required to make meaningful pronouncements about these

areas.

TABLE IV. The relative number of publications in three acoustic subspe-
cialties in 1999. IEEE, AIP, and Elsevier are journal publishers and the
indicated results for these entries are probably from more than one journal
though INSPEC did not report the individual journal titles in these cases. ACKNOWLEDGMENTS
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Scattering of elastic waves in heterogeneous media
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The scattering of elastic waves in heterogeneous media is discussed. Explicit expressions are
derived for the attenuation of longitudinal and transverse elastic waves in terms of the statistics of
the density and Lamparameter fluctuations. The derivation is based upon diagrammatic methods
with the problem posed in terms of the Dyson equation. The Dyson equation is solved for the mean
field response. The results are given here in a straightforward manner, in which the attenuations
reduce to simple integrals on the unit circle. The medium is assumed statistically homogeneous and
statistically isotropic. This model, with assumed local isotropic properties, is expected to apply to
many materials. ©2001 Acoustical Society of AmericdDOI: 10.1121/1.1367245

PACS numbers: 43.20.Bi, 43.20.Gp, 43.35[0§C]

I. INTRODUCTION tial Fourier transform domain within the limits of the first-
; - 12 3 o
The study of wave propagation and scattering of elastic rde'r smoothmg apprommatp(FOSA) o or Keller'® ap .
roximation. A further approximation is also made which

waves in heterogeneous media is related to nondestructivg . :
. ) o : o Efstrlcts the results to frequencies below the high-frequency
testing, materials characterization, acoustic emission, an

s : . . eometric optics limit. This high-frequency limit, in which
seismic wave analysis. An improved understanding of th ) .

. A ) tefracted ray analysis must be ugeis, above the range of

effects of scattering provides insight into the microstructure

. ! . dnost ultrasonic experiments. With this approximation, the
of a variety of materials such as polycrystalline metals an . N .
attenuations for the longitudinal and transverse elastic waves

ceramics, composites, geophysical materials, and concrete, . . . N
. . : reduce to simple integrations on the unit circle. The results
Elastic waves which propagate through such media lose en- . . . 10
X re are in basic agreement with those of Ryzéilal:
ergy due to scattering from the heterogeneous structure ; ; .
herefore, their asymptotic method is presumed to be

the material. The scattering effects may be characterized bg

the attenuation. Previous research on scattering problems aﬂitg\r/]alent to the FOSA with the additional frequency limi-

this nature has been dominated by studies of polycrystalline In the next section, the theoretical model is presented in

materialst™ In these models, it is assumed that density fluc- . el
) - oo .~ terms of the Dyson equation. The Dyson equation is solved
tuations are negligible and that the material is locally aniso- . . .
. ; .and expressions for the attenuations derived. Then expres-
tropic. The grains are usually assumed to be randomly ori-. S
. ) o ) ) sions for the mean free paths and elastic diffusivity are pre-

ented, such that the medium is statistically isotropic. More

X . sented. Finally, further assumptions of the form of the fluc-

general cases have also been exanifeith which the : :

: . . tuations are made and example calculations are presented.
grains have some prescribed alignmétexture such that
the medium is statistically anisotropic. This research, in
which expressions for attenuation were derived, was also ex-
tended to derivations of elastic radiative transfer equation. MEAN RESPONSE
(RTE) and diffusion equations which describe the evolution ] ) ]
of diffuse elastic energy*®°More recent developments in- The equation of motion for the elastodynamic response
clude the derivation of the attenuations and elastic RTE usof @ linear, elastic material to deformation is given in terms
ing an asymptotic approacfil!In those articles, a different ©f the Green’s dyadic by

microstructural model was used. The elastic moduli wer 2 J
assumed to be Io.cally isotropic 'and the density was consig-_ 5jkP(X)W+ Kcijkl(x)g Gra(X,X':)
ered to vary spatially. The medium was assumed to be sta- i '

tistically homogeneous and statistically isotropic as well. = 8;,0%(x—x") (1), (1
Such a model is expected to be reasonable for geophysical
materials and concrete. They derived the differential scattemwhere5°(x—x’) is the three-dimensional spatial Dirac delta
ing cross sections, elastic radiative transfer equations, arfanction. The Green’s dyadiG;;(x,x’;t), is the response at
the elastic diffusion equation. locationx in theith direction due to an impulsive force ap-

In this article, the same microstructural model based omplied atx’ in the jth direction. In Eq(1), p(x) andCij,(x)
local material isotropy is used to derive elastic wave attenudefine the material density and elastic modulus tensor, re-
ations. The derivation is based upon the diagrammaticpectively. These material properties are assumed to vary
approacf?in which the mean response is governed by thespatially.
Dyson equation. The Dyson equation is easily solved in spa- A spatio-temporal Fourier transform pair is defined as
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'f(p'w): j+xj+mf(xlt)eiwte—iX'p d3X dt, (2) {ﬁjﬁk(ﬁwz_ p2(y+ Zm)+(5jk_ ﬁj I’jk)

X (p’ = P?u)}GRo(P) = 8} ©)
(1) = o )4] f (p,w)e “e*Pd3p dw. (3) The solution forGP is given by inspection as
G%(p)=9gl(P)PP-+gT(P)(P2P2+ P3ba), (10)

This transform pair defines the relation between space—time
variables(x andt) and wave vector-angular frequency vari-
ables(p and w).

The temporal transform of the equation of motion, Eq

for propagation in th@ direction. The unit vectorp, andps
are transverse to the directigh) and form an orthonormal
basis withp. The bare longitudinal and transverse propaga-

(1), is then ‘tors, which appear in Eq10), are
9 3 gb(p)=[pw’—p?(\+2m)] *=[pw’—p’pci]
© 5Jkp(x)+ |JkI(X) Gka(x X', o) 11
, _Rn2 _ CZ *l, 12
=5jaée(x_x). @) 97(p) =[pw?~p’u] *=[pw’~p?pci] (12
The material properties of the medium are assumed te;vhere average wave speeds are defined in terms of the aver-
vary spatially. The density is written age material propertie¢f =\ +2u, pci=w). The imagi-
] nary parts of the propagators, which are used below, are
p(X)=p(1+p(X)), (5 given by
wherep is the average density anth(x) is a dimensionless -
measure of the density fluctuations. ImgP(p)=— =sg ) (w?—p3c}), (13
Previous wave propagation studies of polycrystalline P
materials have used a locally anisotropic model which ac- 0 T
counts for the crystal anisotropy:’ Here, the elastic modu- Imgr(p)=— —sgr( ) (w?—p?c). (14
lus tensorC;j is assumed to be locally isotropic. It is writ- . .
ten as Studies of wave propagation in heterogeneous materials
o do not lend themselves to solution by perturbation methods.
Cijkt (X) =N (14 6N (X)) 8ij Oy + w( 1+ Su(X)) Solutions of this sort do not converé%lnstead, Frisch used

diagrammatic methods for solution of the mean response.
The mean respons€G), is governed by the Dyson equation
where\ andzz are the average Lammarameters. The elastic Which is given by"*?

moduli fluctuations are defined by the dimensionless mea-

suresdl (x) andSu(x). The material properties are assumed (Gia(x,x')>=G?a(x,x')+f j Gioﬁ(x,y)Mﬁj(y,z)

to be centered random processes such thép(x))

=(6\(X))=(u(x))=0, where the bracket§) denote an X(Gj,(z,x"))ydy d®z. (15

ensemble average. L0 , .
In Eq. (15), the quantityG" is the bare Green’s dyadic
Statisics of the luctuations. The covariance of te deny (21ich was defined n EG10.. The second-rank tensbl i
defined as Y Bhe mass or self- -energy operalbiThe Dyson equation, Eq.
(15), is easily solved in Fourier transform space under the
R,,(Y=2)=(bp(y)6p(2)). (7)  assumption of statistical homogeneity. The spatial Fourier
transform pair forG° is given by

X (i ji + i Ojk), (6)

Similar definitions for the covariancéutocorrelation of
Lame parameters and the cross correlations between differ- 0 0 ,
ent parameters are also made. The average medium is as- Gia(p)ée(p—q)=WJ J Gia(XX")
sumed statistically isotropic and statistically homogeneous.

These assumptions imply that the correlation functions de- x e~ iPxglax’ g3y o3y’ (16)
pend only on the magnitude of the difference of the two
positions. Mathematically, these assumptions imply that (x X')= f f (p)be (p—q)
R(y—2)=R(r), wherer=|y—2|. (2m)°

The bare Green’s dyadiG®, is defined as the solution ipxa—igx’ 43 43
to Eqg.(4) when the fluctuations of all material properties are xere d*p d*q. 17
zero. It is the solution to The Fourier transforms which defif&(p)) and M (p)

P 2 are given by expressions similar to that defin®%p). The
0?5, kp+()\+_) % I +,u,5]k Gka(x X" w) assumption of statistical homogeneity ensures that they are
! ' functions of a single wave vector in Fourier space.
= 5ja53(X—X ). (8) The Dyson equation, Eq15), is then spatially Fourier

) ] ] ) transformed and solved fdG(p)). The result is
A spatial Fourier transform, as defined in E8), allows

Eq. (8) to be reduced to (G(p))=[G°(p) *—M(p)] ™. (18
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The Dyson equation is exact and describes the mean réy is assumed to remain unchanged by the heterogeneities.
sponse of the medium. The main difficulty in the solution of This approximation allows the imaginary part pfto be

Eq. (18) is the representation an. Approximations ofM calculated directly from Eq(24). The attenuation of each
are often necessary for closed-form solutions of @@ to ~ wave type, to this level of approximation, is given by

be obtained. The self-energyl, can be written as an expan- 1 ©
sion in powers of material property fluctuations. Approxima- ag(p)=— =+ _p), (25)
tion of M can then be made to first order using the first term 2pwCpy Cp

in such an expansion. Frisch discusses the equivalence @fhere the subscripB refers to either wave typé. or T).

this technique, which he called the first-order smoothing apTnys the determination of the attenuations requires the
prOX|mat|o.n(F(-)SA).,12 and the Keller apprommaﬂo]r?.Such ~ imaginary part of the components of the spatial transform of
an approximation is valid if the fluctuations of the material i, self-energy. The self-energy, given by EXp), is a prod-
properties are smalldp(x)<1, oN(X)<1, du(X)<1). TO ¢t of the bare Green’s dyadiG?, and two multiples of the
this level of approximation, the self-energy is given by first-order operatorg!, defined in Eq.(20). This operator

Im mg

M 4i(y,z)~(£L GO (y.2)£L(2)), 19 contains terms related to the density and [apasameter
B'(Y )= .'By(y) (2 Bl % (19 fluctuations. Therefore, the entire self-energy is a sum of six
where ¢! is the first-order operatdf. . terms—app term and five other\\, uu, p\, pu, andiw).
The first-order operator for the problem studied here fol- ~ The spatial double Fourier transform of the self-energy
lows from Egs.(1), (5), and(6). It is given by is given by
3 (y)= 028, pp(Y)+ e SN (y) — W, (p)3(p—q)= — j j oy dze P gl
By By Y5 y, 5i(P) (p_Q)——g(zﬂ_) y d°ze”"PY(L;.(y)
—d g _ . d J X GY(y,2) Lt (2))€' 92 (26)
+u—u(y) — +udg, 39 —. AT EIK]
“ay, u(y) ay, OBy, u(y) 3]

Example calculations for two of the terms & are
(20 given here explicitly. The other terms follow from similar
The spatial transform of the self-energy and the mearderivations. The first term comes from the density terms in
Green'’s dyadic will have the same form as the bare Green’sach of the first-order operators. It is given by

dyadic. They are written — 4
Y Af Ao Lo s M”‘?(p>b‘°’(p—q)=p—w3f f d®y d®ze "PYGY,(y,2)
M (p)=m(p)PPp+mr(p)(P2P2+ P3Pa), (21 2 (2m) pl

and X(8p(y) 9p(2))€'™. 27
(é(s))=gL(s)§§+ g1(8)(5,5+5%;). (22 The spatial Fourier transforms of correlation functions

The propagators for the mean response are then given by tlgtepe power spectra of the fluctuatiorere defined as

solution of the Dyson equation, E¢L8), as

9s(p)=[gp(p) 1 —mg(p)]~*
T2 n2re2 — -1 23 This definition allows theyp term of the self-energy, Eg.
[pw®—p“pCs—mgy(p)] 23 (27), to reduce to

~ 1 )
R(p)=WJ d3rR(r)e 'PT. (28)

for each wave types (L or T).
The expressions for the prgpagators of thg mean re- M%_J(p):?w4j d3sﬁgj(s)ﬁpp(p—s). (29)
sponse define the phase velocity and attenuation of each

wave type. The solution of Thus, the terms of the transform of the self-energy may be

pw?— pzﬁcff m(p)=0, (24)  written as convolutions between the bare Green’s dyadic and
5 the power spectra.
for the wave vectop, is required, giverM defined in Eq. The term related to th&\ covariance is given by
(19). -
The inverse Fourier transform ¢G(p)) will be domi- M} (p) 8% (p—a)
nated by the zeros of the propagators. The phase velocity is >
given by the real part gp and the attenuation by the imagi- _ A f j d3y dPze Py
nary part. Such solutions of E(R4) are often done numeri- (2m)®
cally using root finding techniquésHowever, explicit ex- J J J J
pressions for the attenuation can be determined using an ><<_5)\(y) —Gok(y,z)—ﬁ)\(z)— e'dZ (30
approximation valid below the high-frequency geometric op- YNp ayy 7 9z 92

tics limit. In this case, the wave vectags, within the self- Integration by parts yields
energy is approximated as being equal to the bare wave vec-
tor. Such an approximatiom(p)~m(wp/cg), is sometimes ~oans o[ i3m0

called a Born approximatiof® In essence, the phase veloc- M5 (P)=\7 | d°SGu(9IR(P=S)PgP;SySc- (3D)
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The remaining calculations follow in a similar manner. The total self-energy is finally expressed as
Mﬁj(p):f dsSégk(s){Ezw46jk5ﬁyﬁpp(p_S)+Pﬁ)\)\(p_S)pﬁpjsysk—i_ﬁz(sﬁsjpypk+sﬁpyplsl Okt 05,P1SIS; Pk

+ 8, 01kP1SIPmSm) R ., (P—9) + PN (85,0 Sk+ SikP Sy Ron (P—9) + prew?[ 85,(Si Pyt PiSi Sik)

+ Ok (Sghy T PiS| 5ﬁ7)]ﬁpu(p_ SERVT| PsS;PKkSy T PS,PIS| Ojk TSP SkP, + PjSkPISI 55y)~R>\,L(p_ 9. (32

The imaginary part of this final expression for the transform of the self-energy allows the attenuations to be determined.
The forms for the self-energy, E(R1), and the bare Green's dyadic, Ed0), are used in simplifying the attenuations. These
expressions Eq9.13)—(14) are substituted into Eq32). Appropriate inner products of the resulting equation allow the
required componentsy, (p) andmy(p), to be determined. The required quantity for the longitudinal attenuation is given by

71 o1 .1 PN P ~
Immy(p)=-=52 p,gpjf os| - S5~ wlC)8, 8t — 8(s—wlCr) (82 85,485 &) [{p*0" 61 0p,Rpy (P9

+N2pP;S,SkR\\ (P—9) + 2(S4S; PP+ SaPPISI Sjk+ S5,PISISiPKF 855 01kP1SIPmSm) Ry (P—9)

+Phw?( OpyPjSKt 5jkpﬂsy)§pk(p_ S +puw? 0p,(SjPKt PiS9j) + Oj(Sehy+ PiS) 53y)]~Rp,L(p_ S)

+ Al P sSiPkS, T PS,PiSI Ojk T SP;SkPyt PjSkPISI 5ﬁy)ﬁkﬂ(p_ S)}. (33
For the transverse attenuation, the required result is

1 R 1 . 1 o o
Immy(p)=— ?E(pzﬂpzﬁpsﬁpsj)f d3s(C—L5(s—w/cL)Sysk+ C—T5(S_ @/Cr)(82 S, 85 S5,)

X {sz45jk5[3'y§pp(p_ 9+NZRy(p— S)PgP;S, Sk w2(SSi PP+ SpP,PISI Ok + 8 5,P1SIS; Pk
+ 85, 01kPISIPmSmI R, (P—9) +PA( 85D Skt 8ikPS,) R\ (P—9) +[ 85,(Si Pkt P15 5ik)

+ Ojk(Sghy T PiSi 557)]Ww2~RpM(p_ SERVT| PSiPkS, T PsS,PiSI Sji +SPjSKkPy T PjSkPIS) 5ﬁy)~Rm(p_ )}
(34

The two longitudinal attenuationg, | ande| 7, are de- the cosine of the angle between the incident and scattered
termined first using Eq$33) and(25). The total longitudinal  directions,y=p-§, because of the assumption of statistical
attenuationg, = ay | + a 7. The first term fromG° involv- isotropy. Thus, the integration in azimuthal angle is trivial.
ing 8 gives a| |, while the second term containing,§,  The final result for the_L attenuation is
+%%;) gives a, 1. The frequency-limiting approximation

implies thatp~wp/c, in Eq. (33). The integral over the et [+1 1L (c2—2c3)%. n
magnitude of the wave number is trivial, leaving only an CVLL:FL dxi x Rpp(X)JFTRn X)
integration over the unit sphere. The result for theattenu- - -
ation is 4ct . 2(ct—2c%) ..
. 2 o2 +FX4R,5;(X)+XT ()
T o) a aomiL, (CLT20D)° L L
LT F d<s (pS) Rpp+—4R}\)\ 2 2, 2 2
4c cL Jact. | JAci(ci—2ch) . |
4 2 2 +X _ZRpIu,(X)_l_X —4R}\M(X) . (37)
4CT A A ATSLL A 2(CL_2CT)~LL CL CL
+ 7 (P9 R+ (P8 —— 7Ry
L L This result is consistent with that given by Ryzhikal®
o 4c2 o 4c3(c?—2c2) . The mode conversion attenuation, +, is found in a
+(D-S)37R,L),LL+(D'S)2C—4 g similar manner to be
L L
(35) Tt
~ o T=—"73 d%8! ((p-8)%+(p-%)HRT
The notation used in Eq35) for the R terms is defined by LT 4c.cd [((p %)+ (PSR,
2
i o~ [lo. o L 20T LA
RQﬁRn( P —33‘ : (36) +4(P-9? 2 ((p-%)*+(B-3)")R,,
i j CL
where the superscripts and j refer to the possible wave Cre
types,L or T. The correlation functions depend only upon +4(ﬁ-§)((f)-é2)2+(;3-§3)2)C—R;; . (38
L
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The medium considered here is statistically isotropic. In this Tt _
type of problem, the differential scattering cross-sectibe aTL=goas f %81 ((3-p2)°+ (5 Pa))R];
integrand must be a function of only-5. It can be easily LT
shown that , ) ) c? TL
5.2 +4(p5)((sp)+(sp)) R
(P-8)°+(p-%)°=1-(p-9”. (39 ’ et

Thus, the mode conversion attenuation may be written TL
+4(P-3((3Po)°+ (& pg)z) R (42

4

mTw
o | @751 (p-97) o e
4cyc, Again, the differential scattering cross sectioftbe inte-

4c2 4c grands must be only functions gp- 8. It can be shown that
LT LT Tia.apLT
[R +—(p 7R, + C—L(p-s)RW]- (40) (8 P,)2+ (5 P3)2=1—(p- 92 (43
After the azimuthal integration we have Thus, we have
4
772(1)4 +1 — T f 2a _(A. &2
~2¢%, (1-x% *T =83, d<8(1—-(p-9°)
2 4c? 4c
CT TL Y= TL T a TL
~ + _ .
x{R;Z<x>+4gzx2R”(x>+4 xR (x)de, [R 2 (PR, + 5 (p S>Rw]' 49
(41) or, after azimuthal integration,
where y=p-8 The term in brackets corresponds ags N =772‘1’4f 1(1_ 2)
given by Ryzhiket al, Eq. (4.56. The complete expression TWacde, ) X

agrees with that given by Papanicolaeual,! Eq. (A2). 2e? .

The calculation of the transverse wave attenuations pro- ~TL CT =11 Ct ~1L
ceeds along a similar line. The two transverse attenuations, x [ Rop () + c_fX Run(X) C_LXRW(X)] d
a7, and art, are determined from Eq$34) and (25). The (45)
total transverse attenuatiom;;= a1 + atr. The first term
of G involving & gives at, while the second term con- As a check of self-consistency, the above expressioa{gr
taining (5,%,+%%) gives at7. The frequency-limiting ap-  satisfies the required relation
proximation implies thap~ wp/ct in Eq. (34). The integral 1
over the magnitude of the wave number is trivial, leaving aTL=§<
only an integration over the unit sphere. The result for the
TL attenuation is Finally, the TT attenuation may be reduced to

cr\?
o arT. (46)

Pa)%(p-%)?

(7o}

4
arr=ger | PSl((P )7+ (b5 &)+ (B 807+ (b5 &) IRE RIS 92020 8 4

+(3 P2)%(P- 8)7+ (3 Pa)?(P- %) 7+ 2(P- 9 ((P2- %) (- %) (3 P2) + (P3- £) (3 Pa) (- %)) +2(P-3)((P2- %) (5 P2)
X(P-83) +(P3-3) (5 Pa)(P-89)) + (P 9)%((P2- 8) 2+ (Ps- )2+ (Pa- 8)°+ (P3- %)) ]+ 2R] 11 (B2 %) (3 o)

X (P-8) +(P3- %) (5 Pa)(P- &) +(P2- 8) (3 P2) (- 35) + (Pa-35) (3 Pa) (P-F) +(P- 9 ((P2- &) °+ (Ps-B)?

+(P2- %)%+ (Ps- %)) 1} (47)

Once again, the differential scattering cross sections must depend ophgomhe above combinations of inner products can
be reduced considerably. The necessary identities are

(P2 %)%+ (D3 %) °+ (P2- %)+ (P3- &) *=1+(p-3)?, (48)

(P2-%)(P-%) (5 P2) + (D3 5) (3 P3)(P- &) + (P2- %) (3 P2) (B- &) + (P~ %) (3 Pa) (P &) = (P-9°—(p-9), (49)
and

(8-P2)%(P- %)%+ (3 P3)2(P- %)+ (8- P2) (P~ %)+ (3 P3) (P~ %) °=1—2(p-§)*+ (- §*. (50

These identities allowr to be written in terms op-§ only as
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Tt U - s The above derivation resulted in expressions for the dis-
aTT:Wj d8{((p-9°+1R,,+(1-3(p-§ placement attenuations. The energy density is proportional to
T the square of the displacements. Thus, the energy attenua-
+4(p- g)4)~R/T”TL+ A(p- g)SNRZ;}_ (51  tions are twice the displacement attenuations. In addition, the
o ) scattering mean free patHs, andly, are the inverse of the
Integration in azimuth leaves energy attenuation. Therefore, we have
2 4
T W +1 -
arr="4 f {2+ DRIT0+ (1= 3x+ 4x) [ (53
T/l 2(a tary)
XRILO0 4R () dx. (52) ~ 1 54
T_—.
The TT attenuationgtt, depends solely on the shear wave 2(ar tary)
speed as expected. In the low-frequency Rayleigh limit, the correlation

The attenuations given by Eq87), (41), (45, and(52)  f,¢tions, R, are constant. Thus, the expressions for the at-

are the main results of this section. The results here han%nuations Eqs(37), (41), (45), and (52) reduce consider-

been reduced to integrations on the unit circle in terms of th%bly. In this limit, the integrands become simple polynomials
correlation power spectra. The forward-weighted attenuag, Y. After integration, we have

tions, o', which quantify the amount of forward scattering,

are identical to the expressions for the attenuations given _772w4 1., AT
above with an additional factor ofy=cos® in the a'-L_C—‘Ll §Rpp+(1_28 )R §B Ru
integrand*

In the low-frequency limit, the correlation functions are n fBz(l_ZBz)“RLL) (55)
expected to be constant. Also in this limit, the scattering is 3 A
nonpreferentialan equal amount of energy is scattered for- 2724 4
ward as backwand In this case, thex's are zero. However, LT:WT BT+ _BZ’QLT), (56)
as seen in the equations for the attenuations, &5, (41), 3cre, |\ P50 K
(45), and(52), this is not necessarily the case. The angular 20 4
dependence associated with the autocorrelations are all even CYTL:—Q(F?,'S,I'*' _BZFQ;L>, (57)
functions. Those associated with the cross correlations are all 3creL 5
odd. The implications of these results are still unclear. Must 22wt 1. 1.
the cross correlations approach zero in the low-frequency aTT:T(§ ,T;;JrgR,TJL , (58

T

limit? In the next section, assumptions about the form of the
fluctuations are made and sample calculations presented. whereB=c+/c, is the wave speed ratio. Also, in the low-
frequency limit, the transforms of the correlation functions
I1l. MEAN FREE PATHS AND ELASTIC DIFFUSIVITY are independent of the wave types. In other worTé;;,,
The above expressions for the attenuations are now usedR;-=R.T=R]". Similar relations hold for the. and x
for determination of mean free paths and elastic diffusivity.terms as well. The scattering mean free paths then reduce to

| 15¢/B%/(2m%w®) 59
L: —_ —_ —~ —~ ’
5(2+B%R,,+15B%1-2B%)?R,, +4B*(3B°>+2)R,,, + 20B%(1-2B?)R, ,
|
150#/(277%4) Whic_h st_ates that the energy in transverse fd&m, %n{js the
l+= — —. (60 longitudinal energyE, , are related bye;=2E, /B*.”> In
5(2+B3) Rypt2(3+ 285)RW the low-frequency limit, the transport mean free paths reduce
These results differ slightly from those given by Ryzhik to the scattering mean free paths
et allf
The elastic diffusivity,D, can be writtelf* *—| — 1 62)
L L 2a|_ ’
crl* 2+B2L 61
"3 2B 6D 1
Ix=l=5— (63

whereL =1{/17 is the ratio of transport mean free paths. The 2a7"
elastic diffusivity is a weighted average of the diffusivities of
individual compressional and shear components. The weighBDutside the long wavelength limit, the transport mean free

ing is determined by the diffusive equipartitioning law, paths are given B
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1 ar—ahrtal rials such a model is expected to describe the statistics of the
It=5 ; 7 7 (64)  material properties well. In transform space
2 (ap—a)(ar—agr)—alyar 5
! ! = H
[ 1 a —ap tag ’ 65 R(p)=772(1+—Hzpz)z- (72)

T2 (a = )(ar—arp)—altaq . . .
] ) . _With the length scale of the spatial correlation introduced,
where the primed attenuations are the forward-weighted disgimensionless longitudinal and transverse frequencies are

placement attenuations discussed above for the respectiyRfined asx = wH/c, and x;=wH/cr. The transform of

scattering processes. In the limit of nonpreferential scatterg, yifference between two wave vectors can then be written
ing, the primed attenuations vanish and the mean free paths

are seen to reduce to the inverse of the energy scattering Bl () = H®
attenuation as in Eqg62)—(63). Example calculations are ()= m(1+ X+ Xj2—2Xinx)2’
now presented using the above derived quantities.

(73

where the superscripts},, correspond to the possible wave
types, L or T. The functions needed for determining the at-

IV. EXAMPLE RESULTS tenuations are

Example results are now presented using additional ma- H3
terial assumptions. The results are put in dimensionless form Rt (y)= —; 5 5, (74)
for the most widespread applicability. It is first assumed that 7 (1+2x (1= X))
the material properties are uncorrelated with one another. H3
This implies that the cross correlations are zelRy,(=R,,, R-T(x)= 221+ X2t = X k)2 (79
:ﬁp)\:O). L T LAT,
In this case, the attenuations become =TT H3 76
2.4 i1 (X)_ﬂ'z(l+2x2(l—x))2' (78
=g f (xR () +(1-2B*)°Rix(x) :
L oelt ) pp M The attenuations may then be written in dimensionless form
as
+4BX 'R0 dx, (66)
) +f“ y Xt erl A§X2+A§(1—2BZ)2+4B4AiX4d
T W - ~ a A= 201 _ 2 X
—f (1= xR, () +4B* xR}, (x)}dx, 2 ) (1+2x(1=X)

a =
LT 2c3c,

1 (77

(67)
4 2 2 2p2.2
X +1(1—x9)(A+4A%Bx9)
and H= —LJ' £ x d 78
Lon LA T-X 2 B (14 X2+ x5— 2%, X1x)? x. (78
ar =3B%aT, (68) , , , , , \
1A%(1+ x9)+A%(1-3x“+4
Tl (41 2BTT 2 4 artH= X[ A 2#( Xz X X-
T (79
Xﬁ;;(x)}dx- (69) The integrals for the final form of the attenuations, both non-

primed and primed, can be calculated in closed-forail

The forward-weighted attenuatiché are defined as ' \
integrations are of the form

these with an extra factor gf=cos® within the integrand.

These attenuations are denoted with a prime. +1 "
Next, it is assumed that all autocorrelation functions f md)« (80)

have the same spatial dependence. They are assumed to have

the form with n ranging from 0 to 5. The integrals were evaluated
R, = AiR (), (70) using numerical integration. Recursive adaptive Lobatto

quadrature is available through the Matlab function
where the subscripy refers to the material parametersgf ~ “quadl.” *’
\, andu. The magnitude of the fluctuations for each material ~ Figure 1 is a plot of the dimensionless longitudinal and
parameter is given bj, . transverse attenuationg, H and atH, respectively, as a
Finally, a form for the functionR(r) is assumed. As function of dimensionless frequency,, for density fluctua-
discussed by Stank& an exponential function describes the tions only A\=A,=0). A wave speed ratio oty/c_
correlation of continuous and discrete materials reasonably 1/3 has been used for these results and those that follow.
well. Thus, it is assumed that The attenuations are seen to increase with the fourth power
R(r)=e "M (71) of f_requency in the .Iow—f_requency limit. After a transition
' region, the attenuations increase as the frequency squared.
where H is the correlation length. Such a model, with a The high-frequency geometric optics limit, in which the at-
single length scale, is perhaps oversimplified for materialdenuations are constant, is not predicted due to the
with polydispersed scatterer sizes. However, for many matefrequency-limiting assumption used above. The transverse

-1
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FIG. 1. Dimensionless longitudinal and transverse attenuatiend, and

atH, as a function of dimensionless frequengy, for density fluctuations
only.

FIG. 3. Dimensionless longitudinal transport mean free pHthd, as a
function of dimensionless frequency, , for different material fluctuation
levels.

attenuation is larger than the longitudinal as expected. Thgifferent combinations of fluctuation levels have been chosen
difference between the two attenuations increases with frep highlight the range of these quantities. The ratio of the
quency, but is a constant in each frequency regime. The agransport mean free paths is of interest since it appears in the
tual ratio of the attenuations is a function of the fluctuations definition of the diffusivity. It can be seen in Figs. 3 and 4
Figure 2 is a plot of the dimensionless longitudinal andihat the ratioL:|’L‘/|* , comes very near unity at the higher
transverse attenuationgy H and atH, respectively, as a frequencies for many of the combinations of material fluc-
function of dimensionless frequency, , for modulus fluc-  tyations shown.
tuations only A,=0). The results have a similar form as Finally, the dimensionless elastic diffusivitp/Hcy, is
those in Fig. 1. Combinations of both density and modulusshown in Fig. 5 for various combinations of material fluctua-
fluctuations are simply the sum of the results from these twajons. Again, the low-frequency limit has the expected form,
figures. The component of the attenuation attributed to derUecreasing with the inverse fourth power of frequency. At
sity fluctuations(Fig. 1) is seen to be much larger than the higher frequencies, the diffusivity becomes nearly frequency
component of attenuation attributable to modulus fluctuaindependent as in the polycrystalline cdse.
tions for the same level of fluctuations. The importance of
the density fluctgations has not been discussed previously.v_ DISCUSSION
The dimensionless transport mean free path&1 and
|%/H, are shown in Figs. 3 and 4. The complex forms of The propagation and scattering of elastic waves in het-
these terms, Eq$64)—(65), do not allow simple addition of erogeneous media has been examined. Appropriate ensemble
factors from the different parameter fluctuations. Thus, a fewaveraging of the elastic wave equation resulted in the Dyson
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FIG. 2. Dimensionless longitudinal and transverse attenuatiepid, and FIG. 4. Dimensionless transverse transport mean free §atH, as a func-
atH, as a function of dimensionless frequengy,, for modulus fluctua-  tion of dimensionless frequency, , for different material fluctuation
tions only. levels.
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An elastic wave tomography method utilizing joint traveltime and polarization data is proposed that
is computationally simpler than the existing methd# and Menke, Geophys. J. Int10, 63

(1992; Farra and Begat, Geophys. J. 1h21, 371(1999]. In the linearization problem for the use

of polarization data, we start with ray perturbation theory and assume that the medium is weakly
inhomogeneous. Then the problem formulation for polarization data is approximately expressed as
a linear integral of the gradient of the medium slowness perturbation along a reference ray. We call
this a quasi-linear approximation which ignores the effect of the perturbation of the ray position on
the first-order perturbation of the ray slowness vector. To efficiently obtain the solution for
multi-data sets, a quadratic objective functional is constructed by including the data misfit terms and
a model constraint term. Then a new conjugate gradient type of iterative reconstruction algorithm is
developed to solve this minimization problem. This algorithm is also an extension of the conjugate
gradient approach for standard least-squares problems. The feasibility and capability of the proposed
tomography method is illustrated by conducting both noise-free and noisy synthetic experiments in
a cross-hole geometry. The numerical results demonstrate that the additional use of polarization data
not only improves the image quality, but also has a stabilizing effect on the iterative tomography
solution. However, the limitation of the method is that it becomes inaccurate if the velocity
variations in the medium change rapidly with position. 2001 Acoustical Society of America.
[DOI: 10.1121/1.1360238

PACS numbers: 43.20.Dk, 43.35.Wa, 43.40[RNIN]

I. INTRODUCTION parable to the size of the scattering body. Of the two meth-

Elastic waves have long been used to remotely investipds’ ray tomography is much simpler and easier to imple-
ent computationally. It sidesteps the complex issue of

gate physical properties of media in diverse scientific and" X . 1011 - : :
industrial fields. Among these remote sensing approached/ffraction and its effec_t’g o and is able to directly yield
ful velocity informatiori.

with acoustic or elastic waves, acoustical and seismic tomogL-jse - i ) )
In this study, we confine attention to ray tomography, in

raphy have in recent decades received considerable attention

for their demonstrated and potential ability to provide quan-Which the validity of the geometrical ray approximation is

titative, high-resolution images of objects such as soft tis2SSumed. In many cases, the observed data used in ray to-
sues, rock masses, marine sediments, and oceartfloks mography are the first-arrival times of compressional waves,
a broad generalization, both acoustic and seismic tomogré(l’hiCh are more clearly discernible than later arrivals. Be-
phy may be loosely divided into ray-based and wave-basegdides this fundamental set of data, other distinct information
methods:'® The former is concerned with the geometrical contained in the first-arrival signal, such as the polarization
effect of wave propagation and is valid when the dominanfroperties of the acoustical waves, may be exploited to im-
wavelength is small compared to the scale of the inhomogeRrove image quality. In this regard, Hu and Metfkéirst
neities being probed. The lattéalso known as diffraction formulated the isotropic tomography problem of polarization
tomography attempts to account for the weak scattering/data using a variational technique, and they applied the
diffracting effect on wave propagation and is better suited tgnethod to mapping the-wave velocity structure of the crust
situations where the dominant acoustic wavelength is comand upper manti&’ Later Farra and Begdt'® extended the
use of polarization data to transverse isotropic media by ray
dElectronic mail: Ipsong@hrz.uni-kassel.de pert_urbatio_n theory and reported synthetic experimer_ns in
bElectronic mail: every@physnet.phys.wits.ac.za vertical seismic profiling(VSP) geometry. Their studies
®Electronic mail: 006CWRIG@cosmos.wits.ac.za showed that polarization data can offer useful and indepen-
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dent information in tomographic inversion. However, use of  On the assumption of infinite frequency, the propagation
polarization data is only possible if elastic wave energy carof a kinematic ray is governed by the following two first-
be recorded using sensors such as geophones or seismoonder ordinary differential equatiors:
eters that record two or three components of motion. At dx
present, such sensors are largely restricted to seismic imag- u(r)—=np, (1a)
ing, although new technologies may in the future permit ds
more widespread use of polarization data. dp

Both traveltime and polarization data are nonlinearly de-  —=Vu(r), (1b)
pendent upon the physical property to be determined for the ds
medium, e.g., velocity or its inverse, slowness. A tractableyhere u(r) is the slowness of the medium,the position
solution of the ray tomography problem requires a linearvector of a rayp the slowness vector of a ray, asdhe arc
relation between data residuals and the perturbation paranength along a ray. The derivative of traveltihalong a ray
eters in a reference medium. Fortunately, using traveltimgs expressed as
data, the nonlinear traveltime integral can be conveniently
linearized along a reference ray by applying Fermat's prin- —=u(r). )
ciple. However, the problem of polarization data is not so ~ ds

simple because the polarization vectors do not obey a St%quations(l) and (2) show that the propagation of a ray

tionary principle along a ray. TV depends on the slowness distribution of the medium which is
Variational and perturbational formu in linearized the unknown in tomographic inverse problems.

procedures _hav_e been used_ to calculate the partial derivatives . suppose that the slownesgr) is expanded into a
of the polarization vector with respect to the model param-,

) : ) sum of reference slownesg(r) and a small slowness per-
eters. However, the complicated calculations in both types Oﬂ(urbationul(r)

formulas are not easy to carry out. To some extent, these
complications restrict their more extensive application. u(r)=ug(r)+euy(r), ©)

The computational complexity of the existing memc’dswhere the parameteris used to keep track of the order of

and the valuable information in the polarization data demonépproximation, a term containing the factet being thenth

strates the need for a simpler but robust tomographic invery .. ot <maiiness. In this paper, the perturbatigfr) is the

sion scheme. The objective of this paper is to outline a sim-

| 4 feasibl t ! larization data i object to be inverted in tomography based on the reference
pler and feasible way of incorporating polarization data Into i, m Ug(r). A slight perturbation in the reference me-

the tomographic reconstruction scheme. In Sec. I, a perturdium causes a perturbation of the reference ray. Using the
?ay arc lengttsy along the unperturbed ray as an independent

which serve as the basis for formulating the relevant tomogbarameter, the quantities describing a ray in a perturbed me-

raphy problem. Then an approximately linearized formula isdium have the regular power series forms
derived for using polarization data, and the problem of com-

bining the traveltime and polarization data is expressed in a  (Sp)=ro(Sp) + €r1(Sp) +- -, (48
matrix form in Sec. lll. Section IV presents a conjugate

gradient-based tomographic iterative reconstruction scheme P(S0) = Po(So) + €pa(So) +--, (4b)
applicable to multi-data setftraveltime and polarization t(So) =to(So) + €tq(Sg) +- . (40

datg. In Sec. V, the feasibility and efficiency of the proposed ] o
approach is evaluated numerically in a synthetic cross-hole [N the use of ray perturbation theory as indicated by

imaging experiment. Sneider and Sambridg® one may explicitly specify the
mapping from the unperturbed to the perturbed ray by an

Il. THE FIRST-ORDER PERTURBATION EQUATIONS appropriate choice of a stretch factary{(r,), where a dot

OF TRAVELTIME AND SLOWNESS VECTOR over a vector denotes the derivative with respect to the arc

length sy along the reference ray. With this factor, the first-

In recent years, ray [_)legrturbation theory has kztzalen Welbrder relation between the arc length of corresponding points
developed in Hamiltoniafi~*and Lagrangian fo,rnj'g 0 on the unperturbed and the perturbed rays is givéfl by
describe the effect of small perturbations in either the me-

dium slowness or ray endpoints or reference cuna being s .

the true ray on the ray position and traveltime. It can be ?:1+6(r0'rl)- ®)
used to model waveforms, trace a two-point ray, study 0

higher-order traveltime perturbations associated with thdhe stretch factor is optiorfdland could make the related
change of ray positions, and determine Frechet derivatives gfroblem simpler.

polarization data with respect to model parameters. The fo-  Following Moore?® we choose the stretch factor as
cus of this paper is on the last of these applications, but we N

will treat it here in a different way from Farra and Bedht. (fo-r1)=0. ©)
Following the ray perturbation analysis method, this sectionThis choice maps points along the reference ray onto points
first gives the two fundamental perturbation equations oralong the perturbed with equal arc length or means
traveltime and slowness vector that are used in the subsés/ds,=1 to first order in small quantities. Similarly, in
guent formulation of the tomographic problem. Hamiltonian ray perturbation theol};'® the mapping from
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the reference ray to the perturbed ray is specified by use dike Eq. (10), and is complicated since there are terms ex-
the same independent sampling-parameter(defined by pressing the ray displacements. Note that the perturbation
u dr=ds) along the reference ray. Equivalently, for this is modulated byWVu, in Eqg. (9b). When a reference me-
case,d7/dry equals unity to first order in small quantities. dium is homogeneous or has a linear distribution of slow-
With Eq. (48 one expands the perturbed slownessness, the term explicitly containirg could be removed and
aroundrg as a Taylor series to first order the related complication is avoided becauS&uy=0.
Therefore in this case, the integral of E§b) is given by

u(ry=ug(ro)+ e[ Vug-rq+ug(ro)]+---. @)
Then, the first-order expansion of the slowness gradient is 01(So) = p1(0) + JSOVUl ds,. (11
Vu(r)=Vug(rg) +€[VVug-ri+Vuy(rg)]+---. (8) 0

I . . Equation(11b) then shows that the first-order slowness vec-
Substituting the perturbed expressids—(8) into Egs.(1) tor perturbatiomp, is now the integral of the gradieRtu, of

and(2) af?d equatmg_ the coefiicients of powe_rSeobn the .the medium slowness perturbation along the reference ray.
left- and nght—hgnd S|d_es of the.relevant_ equat|on.s, we obtain For a fixed two-point ray tracing problem, it is in prin-
the perturbed differential equations to first order: ciple necessary to give the initial perturbation slowness vec-
dt, tor p1(0) in order to ensure that the perturbed ray arrives at
——=Uy(ro)+Vug-ry, (98  the desired receiver. In ray bending, Fafraumerically
dsp solved a linear system containing the endpoint boundary
conditions forp;(0) to get the required solution iteratively
=Vu(rg)+VVug-ry. (9b) within a certain accuracy. The updating process may diverge
due to the ill-conditioning of the linear system, caused by
We see that Eq9a)—(9b) have similar structures and in- certain difficulties such as caustic surfaces or shadow zones.

volve the first-order perturbation in the ray position. TheFarra and Begdt applied the algorithm for determining
differential expression of the first-order perturbatipp of ~ P1(0) to their problem formulation of polarization data.
the slowness vector contains higher-order spatial derivativelloore** presented a theoretical expression ig(0) which

of the reference slowness and slowness perturbation than th&@y be used to find the perturbed ray that reaches the re-
of the first-order traveltime perturbatidp. Both equations 9uired endpoint at the same value of the sampling parameter

will serve as the basis to further formulate the tomographic@S on the unperturbed ray. Both involve the quite complex
problem in the next section. calculation of the ray propagator, the inverse of some related

sub-matrix, and the first-order ray corrections.
To simplify the problem, we may choosg(0) differ-
Ill. PROBLEM FORMULATION ently by relaxing the two-point boundary condition to some
extent in terms of a ray-shooting method/paraxial ray method
and produce a perturbed ray in the vicinity of the receiver. At
the sourcea (0)=0 the perturbation of initial slowness sat-
isfies the perturbed Eikonal equation

Po-P1(0) =Uguy, (12

S . .
fo (Vug-r1)dso=[uo(ro-T1)1y", (10 \which can be derived by expanding the Eikonal equation

_ u?=p? to first order** From Eq.(12), we wish to trace a
where S, is the total arc length of the reference ray. Theperturbed ray with

right-hand term of Eq(10) illustrates the changes of the
traveltime resulting from the change in the endpoints of the U
reference ray. P1(0)= U—Po- (13

In tomography problems the source and receiver points 0
are fixed, i.e.,r1(0)=r.(Sy)=0. This immediately makes When|u;/uo|<1, we expect that the perturbed ray in the use
the termg ug(fo- 1)1 vanish. Then the integral of E@a)  ©f Ed. (13) deviates very slightly from the reference ray and
is given by may be th.ought of as a parfmal ray of .the true perturbed ray
joining a fixed source—receiver. Following Hu and Merike,
we assume that for a smahy(0) defined in Eq.(13) the
corresponding endpoint should be on the same wave front as
the receiver. Therefore, perturbation of the slowness vector
at the receiver is now approximated as

dpy

To start with, we consider integration of Eq9a—(9b)
along a reference ray. Using Ed) and integration by parts,
the integral of the second term in the right-hand sid¢9af
can be expressed as

So
tl(so):tl(o)"‘fo U dsg. (119

Equation(11g has been derived from perturbation theory by
Snider and Sambridg&?°and shows that the first-order trav-

eltime perturbatior, is the integral of the slowness pertur- u, S
bation u; along the reference ray. This is the well-known — P1(So)= u—po+ fo Vu; dsp. (14)
result from Fermat's principle, which states that the travel- 0

time is stationary to first order for a slightly perturbed fay. This expression is also equivalent to directly linearizing the
However, the line integral of the second term on theintegral of Eq.(1b) along a reference ray assuming the neg-
right-hand side of Eq(9b) does not have a compact form ligible effects of ray perturbation on the perturbation of the
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slowness vector to first order for weakly inhomogeneous metors. The above line integrals in Eq4.8) and (20) can be
dia (Farra, personal communication, 1998 this case, we calculated by numerical integration for a number of ray seg-
call Eq. (14) a quasi-linear formula for the use of polariza- ments of theth ray in the discretized model.
tion data defined by,(Sp). Its application is restricted to In matrix notation, Eqs(17) and(19) can be compactly
media with small velocity gradient. Currently, the applicabil- written as
ity of this formula is well supported by the results of the At A
synthetic tomographic experiment shown later. A :(B
For implementation of Eq.(11) as part of a two- P
dimensional tomographic scheme, the medium is digitizedvhere At is the M-dimensional residual traveltime column
into a regular set of triangular cells and the slowness valuegector, A is the M X N matrix whose elements are given by
are specified at the grid points of the cells. Inside each trianEq. (18), Ap is the2M-dimensional column vector of polar-
gular cell, the slowness distribution varies linearly with theization, B the 2M XN matrix with elements defined by Eq.
spatial coordinatex andz. The slowness field is thus con- (20), and Au is the N-dimensional column vector of slow-
tinuous within the whole medium. With such digitization, the ness perturbation coefficients. Equati@l) is the system of
reference slowness field in the medium can be convenientljomographic equations in matrix form that combine the trav-

Au, (21

represented as eltime and polarization data.
N The basis functions we use are defined as follows. De-
Up(X,2)= 2 f(x,2)Ug; (15) noting the position vectors of the_ three yeruces of a triangu-
=1 lar cell asly, Iy, I4, then the basis function for the vertéx

wheref;(x,z) areN dimensionless basis functions ang) is is obtained as

the jth slowness coefficient. At the same time, the slowness 1
perturbation has an expansion in the form fi=g X lgl + X (U =1o) 1, (22)
_ EN: wherel is the position vector contained within the triangle
AU(X'Z)—jzl fi(x,z)Au;. (16 and S=|(lq— )X (I4—1,)| is the area of a parallelogram

L whose two sides arel{—1ly) and (4—1,). The basis func-
Henceforth, the symbol A” is now used before a letter to tjgng corresponding to verticgsandq are obtained by per-

denote a perturbed quantity. muting the indices in clockwise order &f p, andg. These
Inserting Eq.(16) into Eq. (118, we obtain basis functions depend linearly on the positionzj. Their
N sum is equal to one. Note that the basis functions defined by
At= E ajjAu;, i=1;-,M, (17) Eq. (22) are also valid for an irregular triangular parametri-
=1 zation model.

whereAt; is the traveltime perturbation or residual of fitle
o g?;ﬁﬁ%&? gfbf:;;”egnznd theoretical raveliMss |\, 1\ |0GRAPHIC RECONSTRUCTION SCHEME
The implementation of nonlinear ray tomography for our
aj =J fi(x,2)dsy, (18  situation comprises two fundamental stefis: constructing
Loi the matricesA and B and the theoretical traveltime and po-
i.e., the integral of théth basis functiorf;(x,z) along theith larization data based on the previously derived slowness
ray path. We see that theg; are the elements of the travel- model; (2) solving the linear system of Eq$21) for the

time Frechet derivative matrix. correction vectorAu. Updating of the current model, by
Similarly, a substitution of Eq(16) into Eq.(11b) leads  Au s iterated until an acceptable solution is achieved or until
to the equation a pre-defined number of iterations is completed. The first

step is accomplished during the ray-tracing process. It is vital
that a fast and efficient ray-tracing method be used in order
to guarantee high performance of the tomographic proce-

. . dure.
whereAp; is the perturbation of the slowness vector of the

ith ray at the receiver and calculated between the observetd Ray tracing

N
ApizE bijAUj, i=1,"',M, (19)
=1

and the theoretical values, and Usual ray-tracing methodg:821.2528yhich are catego-
rized into ray-shooting and ray-bending, cannot be applied
bij=f;(Xis,Zis)Nis+ fL Vij(x2)ds, (200 easily in complicated inhomogeneous media. For example,

0 the ray-shooting method has the problem of being slow to

wherex;s andz;s are the source coordinates of tttleray and  converge toward a specified point in the medium, or even
n;s is the unit tangential vector of thigh ray at the source fails when the point lies in a shadow zone. On the other
point in the reference medium. Now, the second term in Eghand, the ray-bending method can have difficulty in obtain-
(20) is the integral of the gradierif;(x,z) of thejth basis ing the global minimum traveltime paths that are required for
function along theth ray path.b;; are the elements of the first arrivals. To overcome these difficulties in the classical
approximate Frechet derivative matrix of the slowness vecapproaches, a number of grid traveltime methods have been

1799 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Song et al.: Tomography of traveltime and polarization 1799



developed in the last decade. The basic idea of these methodsrturbation constraints. The scalars \,, and\, are in-

is to construct traveltime fields on a regular grid of nodestroduced to control the relative importance of three sets of
and then any two-point ray is readily found from this travel- data and may be called the data balance factors. Simibarly,
time field information. Of this type of approach, the network is the model balance factor or simply damping factor and has
ray-tracing method is a suitable representative example.the same role as the data balance factors. Differentiating Eq.
This method is extremely robust and can always locate th€23) and setting the result to zero yields

global minimum traveltime ray path from its origin to its T AT

destination for either direct or refracted arrivals. Its computer (G'GFANAU=GAd, (25)
implementation is quite efficient and flexible. We adapt itwhere

here to carry out the two-point ray tracing required by our

scheme. g P ’ o g ‘/)‘—tA \/}‘—tm
The principle of network ray tracing is briefly the fol- G=| WB«|. Ad=| V\Ap,

lowing. The fundamental task is to construct an appropriate \/)\—xBx \/)\—xApx

network for a physical problem. In this paper, we considerz ation (25) is the damped least-squares normal equation
the cell organization of networkSbecause it is particularly for GAu=Ad.

suitable for application to ray tomography. In a similar way At this point, the problem of minimizing the objective

to the rectangular cell network model, the network for thefunctional Eq.(24) is reduced to solving Eq25). There are

triangular cell model is set up by positioning nodes along theya,era hasic reconstruction methods available to do this, in-

sides of each triangular cell, connecting nodes inside eac@luding the algebraic reconstruction technigi&RT), the

triangular cell, and giving each connection a weight equal tQj,taneous iterative reconstruction technid@RT), the

the traveltime for that ray segment. The shortest path algoéonjugate gradientCG) method, and the singular value de-

rithm can then be used to quickly scan the minimum travel'composition (SVD) method?®3132 The iterative solvers

time nodes and recursively complete the calculation of th?ART SIRT, and CGrequire smaller computer memory and

entire first-arrival time field. This facilitates the determina- run faster than the SVD method. In addition, the CG type of
tion of all information required by the tomographic SyStemalgorithm is superior to ART and SIRT as analyzed in Ref.

for a given model. 32. For these reasons, in this section we choose to develop a
new CG type of algorithm for obtaining the solution to Eq.

B. A conjugate gradient iterative algorithm (25).
The conjugate gradient method, originally propounded

Now let us turn to the problem of solving E@D. It is by Hestenes and Stief8l, has several variants in which

widely recognized that a tomographic solution is not.unlque.CGLS and LSQR’ are the most popular in solving travel-

: %me tomography problenf&~3"Both CGLS and LSQR have
the presence of observational errors and the model approxi- _ - o . 243637 .
; ; ; : _’Similar qualitative propertie¥:*®3" Their fundamental
mations. A single ray from a source to a receiver being a line o - . .
. ! implementation is to avoid direct calculation @f G, which
will transverse only a small fraction of the whole model, so : :
o . can lead to not only the loss of information due to round-off
that each row of a Frechet matrix will contain many zero

L . .. but also poor solutions on ill-conditioned systems since the
elements. As a result, a tomographic inversion system is ill-

; ] condition number of'G is the square of that 0&.3%In
posed, inconsistent, and sparse. To accommodate these af: . :
. . . . .~ principle, either standard CGLS or LSQR could be chosen as
tributes, the inverse problem is often cast as an optimizatio

28-30 a matter of taste to solve a damped and weighted least-
problem; as we do below. squares problemnonstandard least-squares probleby
First of all, splitting the matri>B in Eq. (21) into the two qu P . q P
. . having to form an augmented linear system. Based on the
submatricesB, and B, relating to the column vectorap, impl ion id f d th laorithm of
andAp, of the horizontal and vertical polarization, we have Implementation 1dea o CGLS. and the CG type algorithm o
z ' Song and Zhantj for the solution of such nonstandard prob-

At A lems, we propose a new conjugate gradient algorithm which
Apy | =[ By | Au. (23 preserves the operational features of CGLS without the need
Ap, B, to construct augmented matrices during the computations.
The proposed algorithm corresponding to is as fol-
An optimum solution to Eq(23) is obtained by minimizing Iows,'p P g P gto E2D)
the following objective function ofAu: (1) Initialize: Aug=0, hy="f,=(d—Guy), and ps="r,
F(Au)=\(At—AAu)T(At—AAuU) =G hy=Gfy;

(2) lterate fork=0,1,2;--
ax= Gpx,

a = (N ") (ARak+ Apgpi) 2,

+ )\X(Apx_ BxAu)T(Apx_ BxAu)
+N\,(Ap,—B,Au)T(Ap,—B,Au)+XAu'Au,
(24)

where the first three terms are the data misfits which measure ~ AUk+1= AUkt s 1Pk,

t_hg discrepancies between the_ observgd and theoretlcgl quan- hes 1= he— an( Gt M),

tities for each set of datd@raveltime, horizontal, and vertical

polarization datp and the last term pertains to the model Nes1=G i, (26)
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Bi= (N 1.k D (T F) ™ Therefore, we will only discuss the reconstruction perfor-
mance where the target model is assumed to have a low-

fir1=Perat Bidfi, velocity object centrally embedded in the background me-

Prs1=Fre1+ Bip=GTf\. 1. dium where the velocity is 5000 m/s. This model could

o _ ) ) represent a flaw in nondestructive evaluation or an anomaly
This is the conjugate gradient algorithm for damped leastyy yock engineering. We specify the object as having a ve-

squares(CGDLS), while the damping factor and the data |ocity of 4500 m/s or 4000 m/s at thex4t grid points of the
balance factorgusing the expansion @) are now explicitly  ce|is. The model parameterization is chosen to ensure that
incorporated. As a result, the sparseness and the structure velocity transition between the background and the ob-
the matrix is still fully retained. For the use of multiple data joc is reasonably broad and smooth. The fractional velocity
sets in our case,_the matrlx-vecFor product in this aIgo_nthm i%ontrasts 10% and 20% between the background and the
most efficiently implemented via the three sub-matrie&s, ,piact can be regarded as conforming to weak and mild in-
By, B,, without the need to assemble the whole maGix  \,mogeneity, respectively. In the synthetic tests we also
These faqlltate the solution of the damped least-square§mate noisy data by adding random errors to the exact
problem via the CG method. traveltime and polarization data calculated from the true
_ InEQq.(26), rycis the residual vector for the normal equa- ,aqel. In the tomographic inversion, a global iteration may
tions, i.e., be defined as the process of updating a reference or current

re=G'Ad—(G'G+\I)Au,. (277  model. Within a global iteration, there is the CG iteration
described by Eq(26) to solve the linear system E25).
Below, all iterative, nonlinear reconstructions in the different
cases are conducted with a starting homogeneous model of
5000 m/s and a damping factor of 0.0001. This small damp-

hk:d_Guk_)\Zo ayfy. (28)  ing factor is used to weaken the effects of the model con-

o strained term in Eq.24), since the main issue in this paper is

In structure, the algorithm E@26) is similar to the stan- concerned with the feasibility and capability of obtaining
dard CGLS algorithm except for the explicit use of the inter-reconstructions from traveltime and polarization data in our
mediate vectorf, and the damping factoh. Thus the proposed scheme. So the data balance faatara,, and\,
CGDLS algorithm is easily implemented with minor modifi- in Eq. (24) are simply chosen as either the combinations of 0
cations to available CGLS code. In fact wherO, the al-  and 1 or both 1. Such choices of the data balance factors then
gorithm Eq. (26) recovers the CGLS algorithih®* where  are equivalent to the use of three sets of déEatraveltime
hy=d—Guy is the residual vector for the original equations data;(2) polarization data(3) joint traveltime and polariza-
Gu=d, and the vectofy is no longer required. tion data. The reconstructed images are shown at global it-
eration 10.

We first consider noise-free synthetic data. Figu@ 1
shows the target model of 10% velocity contrast and the
In this section, we numerically test our proposed tomog-corresponding whole ray paths. Figurg®)(d) are the re-
raphic scheme for jointly inverting traveltime and polariza- sults from the three sets of data with ten CG iterations. In

tion data. The true model used has the dimensions1B3  Fig. 1(b) with only traveltime data and Fig.(d) with both
m?. It is first divided into X1 n? square cells and then traveltime and polarization data, the low-velocity object is
subdivided into triangular cells. Thus there are a total of 196vell recovered. Both figures are superior to Fi¢c)which
slowness or velocity unknowns to be inverted over the trianis derived from polarization data alone. Indeed the low-
gular grid of points in this tomographically parameterizedvelocity object in Fig. 1c) is not easily discerned as com-
model. We design an observing system in which bothpared with those in Figs.(t) and(d). Figure Ic), however,
sources and receivers are positioned on the left- and righshows that polarization data are helpful in constraining the
hand sides of the model at intervals of 1 m. It follows that aboundaries of the anomaly. The object shape in Figl) 1
total of 169 rays will be generated from left to right in this appears better resolved than that in Fig)1
imaging systenjFig. 1(a)]. The choice of such a two-sided The CG iteration number has an effect on the traveltime-
observing geometry is its relevance to practical applicationseconstructed imag&:® Too many CG iterations may lead
in acoustical/seismic engineering investigations. Also, fronto the solution divergence. For example, using a CG iteration
a numerical point of view this corresponds to a class of typi-of 20, the traveltime reconstruction becomes sensitive to the
cally ill-posed inverse problems on which it is ideal to illus- increased iteration number and the image in Fi@g) has
trate a tomography method. deteriorated. Nevertheless, reconstruction of joint traveltime
In ray-theoretic tomography, the measured first arrivaland polarization data is stable with the same CG iterations as
data (e.g., traveltimes generally contain insufficient infor- shown in Fig. If), which is quite similar to Fig. ().
mation to resolve the features of a low-velocity object. When  Note that the horizontal resolution is low in these im-
carrying out a reconstruction from a starting model, it isages, as exhibited in Fig(d), due to the lack of vertical rays
therefore more likely that an inaccurate image will be pro-from top to bottom. Thus angular aperture limitation results
duced for a low-velocity inclusion than for a high-velocity in the artificial “X” shape in Figs. 1b)—1(f).
body2°~3:340Our numerical simulations also show this point. For the case of 20% velocity contrast, the traveltime

By the repeated use @i, ;=h,— ay(q+\fy) in Eq. (25),
we may express the introduced veckgras
k—1

V. NUMERICAL RESULTS AND DISCUSSIONS
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FIG. 1. (a) Target model of 10% velocity contrast and the whole ray paths. For the cases of noise-free synthetic data and no magnitude constraint, the
reconstructions are conducted on different sets of dhtdraveltime,(c) polarization,(d) traveltimetpolarization,(e) traveltime,(f) traveltime+polarization.
(b)—(d) and (e)—(f) are at CG iterations 10 and 20, respectively.
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FIG. 2. As in Fig. 1, but for 20% velocity contrast.
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reconstruction is not as good as that of 10% velocity contrast  In spite of these obstacles, the extent of honuniqueness
because now the degree of nonlinearity is much greater. Thia the inverse problem can be minimized by adding s@me
shape of the low-velocity object recovered in Figb)2is  priori knowledge. For example, in order to robustly perform
significantly elongated along the horizontal direction, due tononlinear traveltime tomography, Berryn?aAC constrained

the strong effect of ray bending and the limited two-sidedthe solution to be in the feasible, convex region of the model
observing system, as illustrated in FidaR In this case, the space, which is governed by Fermat’s principle and the posi-
low-velocity body is the poorly constrained part of the modeltivity of slowness. Recently, Delsantet al*° proposed a
because of limited ray sampling. In comparison, the image o§pecial ultrasonic traveltime tomography method to accu-
the body is relatively well constrained in the case of smallrately predict the geometry of an inclusion in a homogeneous
velocity contrasfFig. 1(a)]. Using polarization data alone, specimen by combining a genetic algorithm and the known
the reconstructed image patterns for the mild contrast is bashysical properties of both the specimen and the inclusion.
sically similar to that of small contrast. But the low-velocity within the notion of convex projection reconstructith?
object in Fig. 2c) seems somewhat clearer than in Fi®)1  the solution being sought must lie in the intersection of all
This may result from the response of the polarization data t¢he convex constraint sets defined by the allowable data and
slowness gradient variations along the ray paths. Some Usgertain types of prior information. Therefore, using more
ful information on the low-velocity object is evidently con- constraints, the area of the intersection becomes smaller and
tained in the polarization data. When performing joint inver-ine set of feasible solutions may tend to approach the true
sion of traveltime and polarization data, the inverted imagesoytion. This idea can be observed in the comparison of the
in Fig. 2d) is better and smoother. In particular, the image ofregts for traveltime data alone and joint traveltime and po-
the low-velocity object has considerably improved over thal, i ation data.

in Fig. 2(b). Also, on increasing the CG iteration to 20, we In the following, we shall further impose a magnitude
see that the traveltime-reconstruction image in Fig) Bas constraint sét2 on each image pixel element to test the

become very poor, while the image in Figf2from joint  ocqnstryction’s performance. Such a convex constraint set is

traveltime and polarization data remains the same as that ifsaq to make the reconstructed slowness values at each glo-

Fig. l\zl(d). h ) ¢ bi bal iteration fall within ranges whose lower and upper limits
ext, we carry out the reconstruction of our object on ., ¢ specified as available prior information. Now suppose

noisy synthetic data. For 10% velocity contrast, the noisywe have an ideal estimate of these limitsNrdimensional

data are simulated by adding Gaussian errors with Standarqowness model space in our synthetic examples, and simply

deviations of 0.01 ms and 0.01 ms/m to the traveltime aniostulate that 4500 mso, <5000 m/s {=1;-+,N) for 10%

velocity contrast and 4000 n¥s);<5000 m/s {=1,--,N)
Yor 20% velocity contrast.

polarization data generated from the corresponding targ
model. For the set of noisy data, the inverted images with te

CG iterations are shown in Figs(@—(b). The resulting trav- We continue to apply the previous noisy data to the

eltime image of Fig. @) is quite blurred and the low- ) . .
velocity ob?ect can gtl)arely beqdistinguished from the back-reCOnStrUCtlon for the 10% velocity contrast. Figui@)ds
ground. In contrast, the use of both traveltime andthe result for the traveltime data and the magnitude con-

polarization data significantly improves the reconstruction a$ traint. In comparison W't.h F|g.§a), '.:'g' e)is S|g_n|f|cantly .
seen in Fig. &). Indeed, by incorporating the polarization |mproveq. Th_e Iow-yeloqty object is clearly defined dgsplte
information into the reconstruction, the artifacts in Figa)3 ther(_a still being noise in the background. The best image
are now removed to a large extent, and the low-velocity obduality, however, is derived from the traveltime and polar-
ject is revealed in Fig. ®). Applying 20 CG iterations to |zat|o_n datg and the magnitude cohstralr_n as displayed in Fig.
reconstruction, the images derived from traveltime dated(): in Which both the low-velocity object and the back-

alone and the joint traveltime and polarization data arédround are close to the target solution. ,
shown in Figs. &)—(d), respectively. Figure @) is so seri- To conclude this section, we consider another synthetic

ously distorted that the low-velocity body is almost unrecog-S€t Of noisy theoretical data calculated for the target model of
nizable, while Fig. &) maintains approximately the same 20% velocity contrast W|-th-random errors of 0.04 ms and
quality as Fig. &). Naturally, the presence of noise in the 0-04 ms/m standard deviations. For this large velocity con-
data does degrade the image. trast and the increased level of noise in the data, the recon-
Compared to the true models, the above reconstructedfruction is bound to be poor. Figuréa# which results from
images vary with different velocity magnitudes although thethe traveltime data and the magnitude constraint, is now very
low-velocity object could be better distinguished from the noisy and the low-velocity object is poorly determined. This
background when adding polarization data. Such nonuniqua¥orse situation can, however, be alleviated to a certain de-
ness of reconstructing velocity distribution is inherent, asgree by incorporating polarization data into the reconstruc-
discussed by Coeti,even with complete and precise first- tion. The result is shown in Fig.(d), in which the low-
arrival time tomography data, because part of the imagingelocity object is now well located.
region may not be covered by any first-arrival régsy., Fig. As these examples demonstrate, with noise-free and
2(a)]. With the addition of noise in the data, poor angularnoisy data, the additional use of polarization data in tomog-
coverage, and the limitations of the reconstruction algorithntaphic reconstruction not only improves the image quality
itself, it is very difficult to uniquely determine the true slow- but also has a stabilizing effect on the iterative solution with
ness distribution of a medium. increasing CG iteration number.

1804 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Song et al.: Tomography of traveltime and polarization 1804



(=]

oo

6

© ®

00
(=)

[ E
.

0 2 4 6 10 12

FIG. 3. The results of 10% velocity contrast are from noisy synthetic data of 0.01 ms and 0.01 ms/m standard deviatiof(ayittd)litand with[(e)—(f)]
magnitude constrainta) Traveltime, (b) traveltimetpolarization, (c) traveltime, (d) traveltimetpolarization, (e) traveltime, (f) traveltimetpolarization.
(a)—(b) and (e)—(f) are at CG iterations 10c)—(d) are at CG iterations 20.
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FIG. 4. The results of 20% velocity contrast are from the noisy synthetic data of 0.04 ms and 0.04 ms/m standard deviation with magnitude (epnstraint.
Traveltime,(b) traveltimetpolarization.
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Visualization of multiple incoherent sources by the backward
prediction of near-field acoustic holography

Kyoung-Uk Nam and Yang-Hann Kim®
Department of Mechanical Engineering, Center for Noise and Vibration Control (NOVIC),
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When there are multiple noise sources which share the same frequency bands, a sound field
measured or estimated by near-field acoustic hologrédy) is obviously the combination of the

sound fields generated by the multiple sources. The objective of this paper is to estimate the sound
field generated by each source when the coherence functions between sources are zeros. This
objective can be achieved by obtaining signals coherent to sources. This paper proposes a method
to obtain the coherent signals by using the spatial information of NAH. The proposed method
obtains the coherent signals from pressure signals at source positions estimated by the backward
prediction of NAH. Thus it does not require any prior information on source positions, unlike the
conventional method, which placed sensors close to sources in order to obtain the coherent signals.
The proposed method was verified by a numerical simulation using two incoherent monopole
sources. ©2001 Acoustical Society of AmericdDOI: 10.1121/1.1358888

PACS numbers: 43.26f, 43.50.Rq, 43.60.Cg, 43.60.$ANN]

I. INTRODUCTION Placing sensors close to sources is required in order to
pply a noise rejection meth®d! to contribution analysis.

point, he/she will first measure pressure at the point. If the his strategy regards the effect of a target source on outputs

noise is stationary random, then he/she will estimate th&S @ true signal, and that of other sources as noise. And, by

spectrum in order to know the frequency characteristics. Thi§omparing the outputs with the sensor signal close to the

is because a noise control strategy significantly depends q rget source, it extracts the true signal or the contribution of

target frequency i.e., the frequency that he/she wants to coﬁbe target source. This is because the target source dominates

trol. When there are multiple noise sources with the saméhe closest sensor signal. However, 'F requires that one k_now
where the sources are before applying NAH. It contradicts

frequency bands, the engineer will also want to know the ¢ the i tant s of NAH. the identificati P
contributions of the sources to the spectrum. This is becaus%nﬁrfe poiitlirc?r?sor ant goals o » the 1dentification o

a noise control strategy also significantly depends on a targéf NS . I :
9y g y cep g Our objective is to estimate the contributions of multiple

source; i.e., the source that he/she prefers to control. How- . . L .
ever, a spectrum does not give any information on the Con|_ncoherent sources in NAH without any prior information on
tribuiions source positions. In order to achieve this objective, we pro-

Near-field acoustic holographyNAH) has the same pose a method to use the spatial information of a hologram.
We explain the method by the vector notation introduced in

problem. NAH enables one to estimate the spectra of preii £ 12 It ) d and reint ted in Sec. Il A for th
sure and velocity at the region of interest even when ther el Le. 1LIS reviewed and reinterpreted in Sec. or the
completeness of this paper. We formulate the method for

are multiple noise sourcédHowever, it does not provide any .
information on the contributions of sources. Figure 1 is anVAH based on a step-by-step measuremeti*using mul-

example. It shows the auto-spectra of pressure at a selectgale.references. For the sake of simplicity, we deal with a

frequency on a hologram plane when there are two arbitrarit)’vo"npUt problem.

sources. It is difficult to estimate the contributions from Fig.

1. This is because the sound field by a source overlaps thﬂt

by the other. '
Recently, contribution analysis has been one of the inA. The review of vector notation

terests of NAH. Referencgs 3-7 are some of them. The_y Let us consider two stationary random signaig) and
assumed that sources are incoherent to one another, and trig ). They have N samples u(l)(t) u(N)(t) and

to analyze contributions by placing sensors close to th%(l)(t) ...oMN(t), measured simultaneously from 0 ®

sources. , second. Their finite Fourier transforms ar€®(f),...,
The incoherent assumption means that the coherenqu)(f) and vA(f),...o™M(f). If T and N are large

functions between sources are zeros. It can be applied téhough, one can estimate their spect as
independent sources which do not have any causal relations,

such as the fan and the disk drive noise of a comp’l.lmd 1N (i* 0

the leading and the trailing edge noise of a fit&/e also use Suu(f)= m;l ut (Hut(f), (13
this assumption.

When an acoustic engineer tries to reduce noise at

PROBLEM DEFINITION

N
1 ) )
S,,(f)= = O (£)pD(f), 1b
JE|ectronic mail: yhkim@mail.kaist.ac.kr vv( ) TN 21 v ( )U ( ) ( )
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FIG. 2. The visualization of a coherence functian and v: the spectral

vectors of signali andv, u., : the projection vector ofi onv, s, ands,, :
0 : g ) the auto-spectra af andv, y2,: the coherence function betweerandv,

x(m) and ¢: the angle between andv).

FIG. 1. The example of the auto-spectra of pressure at a selected frequency . .
on a hologram plane when there are two arbitrary sources. As an example using spectral vectors, let us consider a

single-input and single-output system, whaiis the inputp
N is the output, andh;, is the transfer function. If the record
s, (f) = %2 u(i)*(f)v(i)(f), (10 length T is large enough, one can write all the samples as

= v=hou®,  i=1;-N. (5)
where the superscript*”” denotes the complex conjugate or Theref . .

the matrix conjugate transpose. We will omit the frequency erefore one can write a vector equation as

variable “f” in later expressions because we are interested in  v=h’u. (6)
only frequency domain.

We define spectral vectdfsas This equation means that the input vector is linearly depen-

dent on the output vector. Inserting E) to Eq.(4) shows
1 the well-known fact that the coherence function between the

u:m[u(l)“'um)]T’ (23 input and the output is one in a single-input and single-
L output systeni.
v= m[v(l). Lo MNT, (2b)
) ) B. Problem definition
where the superscriptT” denotes the matrix transpose. The
vectors enable one to write the spectra of H4s)—(1¢) as Figure 3 illustrates a planar acoustic holography when
there are two sources,; andq, are input signals at a se-
Suu=u*u, (838 |ected frequencyr, andr, are reference signalpy(x,y) is
S,,=V*V, (3b) pressure atx,y) point on a hologram plane, amk(x’,y")
is pressure atx’,y’) point on a source plane.
Sy =U*V, (39 If hii(x,y) is the transfer function betweeq; and
Equations(3a)—(3c) express the spectra as the inner productH(X,¥), one can expressy(x,y) andps(x’,y’) as
of the two spectral vectors. PH(X,Y)Zhgl(X-Y)Qﬁ hE’z(X,Y)qZ, (7a)
Using Egs.(3a—(3c), one can express the coherence
function as
o _lsul? _lutv? .
WSS, (UXU)(VEV) @
——
In order to investigate the graphical meaning of B, let referencel (r,)
us assume that andv are defined in Euclidean space with s,
real elements, although they are defined in Unitary space "
with complex ones. If the angle between thenvjshe co-
herence function is cé% (Fig. 2). That is, if the projection P eference(r,)
vector ofu onv is u.,, the coherence function is the square T
of the magnitude ratio ofi., to u. Therefore, if it is one source hologram
(coherent cage one vector is linearly dependent on the plane(z,) plane(z,)

other. Ifitis Zero(mC,Oherent Cas)eone Veth)r 1S orthogonal FIG. 3. The illustration of a planar acoustic holograglyy andg,: two
to the other. That is, a coherence function represents thgut signals,r, andr,: two reference signalsy(x,y) and ps(x’,y'):
orthogonal relation between two spectral vectors. pressure on a hologram and a source plane

1809 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 K.-U. Nam and Y.-H. Kim: Visualization of multiple sources 1809



ps(X',y" ) =L pH(x,y)]
=h51(X",y ) +hg(x',y")dz, (7b)
where

he(x',y")=La[h& (x,y)]. (79

La is the linear operator that propagates pressure from the

hologram to the source plare.

We restrict our analysis only to a stationary random

sound field. Then we can define spectral vectys q,,

pu(X,y), andpg(x’,y’), as defined in the Sec. Il A. Thus

Egs.(7a) and(7b), like Eq. (6), can be rewritten as

Pr(X,Y) =hg(x,Y)a; +hgh(x,Y)d,=QHg (x,y),  (8a)
Ps(X',y ) =hgy(X",y ) as+h5,(x"y")ay
=QHZ(x".y"), (8b)
where
Q=[a: aal, (80)
He Gy)=[hgi(x,y)  hioy1T, (8d)
HR(x",y ) =[hgi(x".y")  hix(x",y)]". (8¢

It is noteworthy thatp(x,y) andpg(x’,y’) lie in the two-
dimensional subspace spanneddyyand q,, although the
number of the vector elements & That is, input vectors
limit the degree of freedom of output vectors.

Our incoherent assumption means thatis orthogonal
to g,. Therefore the inner products of Eq®a and (8h)

qZ(xﬂy) q2

B Gy) e

4 ql(x,y) q

|hq,(x,y)/ch |

FIG. 4. The expression of a pressure vector by input vediptsandqs:
two input vectors,py(X,y): pressure vector on the hologram plane, and
hgi(x.y): the transfer function betweeq) and py(x,y)].

on the source plane. This process is identical to estimating
the magnitude squares of the projection vectorg,pfx,y)
andpg(x’',y’) onqg; andq,, as shown in Fig. 4. This also
means that one can estimate the contributions by obtaining
signals coherent to the inputs, of which the vectors are lin-
early dependent on the input vectors. However, in many
practical cases, it is difficult to directly obtain inputs or sig-
nals coherent to the inputs.

Section Il proposes a method to obtain such signals by
using the backward prediction of NAH. We formulate the
proposed method on the basis of a step-by-step measurement
using reference signals. Before Sec. lll, therefore, we de-
scribe NAH based on reference signals in terms of the vector
notation.

produce the auto-spectra of the pressure on the hologram and

the source planes,(X,y) andsgdx’,y"), as

) =11 (%,Y) VSquqal*+ [Ga(X,¥) VSgzq2l?
=Hi " (%,Y) SqqHb (x,Y),
ssdx’,y")=|hgi(x".y") VSqugrl >+ nGa(X",Y") VSgaal?

SHH(X,Y

(9a)

=HZ (X',y")SggHa(X"y"), (9b)
where
SHH(X,Y) = PE (X, Y)PH(X,Y), (90)
ssdx',y" ) =ps(x".y" )ps(x’,y"), (9d)
Sq1q1 =01 91, (99
Sq2q2=03 02, (9f)
" "

sqq=Q*Q=B;21 Z;Zj: chl)ql sq(:qz- (99

The first and the second terms of E¢@a) and(9b) represent

the contributions of the first and the second source to the

spectra.

C. NAH based on reference signals

Because the reference signals in Fig. 3 are also outputs,
the reference vectors; andr,, lie in the two-dimensional
vector space spanned by the input vectors. Thus the reference
vectors can be used as the basis to express other output vec-
tors if they are linearly independent. In most of the cases,
their linear independence can be achieved by measuring
them at different points. Using the reference vectors, the
pressure vectors can be written as

PH(XY) =06 r+hib(x,y)r=RH(x,y), (108
Ps(X,y ) =X,y r i+ hiy(xy ) =RHJ(x',y"),
(10b)
where

he(x,y")=LR[hi(x.y)], (100
R=[ry r5], (10d)
HY Gy =[hiiy)  hib(xy)TT, (109
HA(Xy ) =[h(x"y")  h(xy)]". (10

hri(x,y) is the coefficient ofr; whenpy(X,y) is expressed

By measuring the inputs and the pressure on the holoby the linear combination af; andr,. We call it the transfer

gram plane, one can estlmatté(x y) andsgg; - 8 Therefore

function between; and py(X,y). The Appendix explains a

one can estlmate the contributions on the hologram plane. Bynethod to estimate it. In Eq10b), h3(x’,y’) can be esti-

propagatmg ha(x.y) [Eq. (70,

one can estimate mated by propagating!(x,y) [Eq. (100)] Figure 5 visual-

I(x Y. Therefore one can also estimate the contributionszes Eq.(103.

1810 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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- I-);[(X’Y) SSSA(X')

contribution contribution
of source2 of sourcel

S

X',

a

FIG. 6. The one-dimensional expression of an ideal case for the proposed
method[x; andx;: two source positions, ansk{x’): the auto-spectra of
pressure on the source pldne

FIG. 5. The expression of a pressure vector by reference vecoandq, :
two input vectorsy, andr,: two reference vectorgy(x,y): pressure vec-
tor on the hologram plane, ard'(x,y): the transfer function between
and py(x,y)].
andpg(x5,y3), are coherent to the inputs because there is no
The underlying assumption of Eq&l0a and (10b) is  overlap. Thus one can estimate the contributions by simply
that the number of independent sources is two. In generaRrojecting py(x,y) and ps(x’,y’) on pg(x;,y;) and
however, one has to estimate it from a prior experimentPs(X,Y2). As mentioned above, one can estimate the source
There are large publications available on this topic. Referpositions by Eq(11b) and the pressure vectors at the source
ences 15—17 are some of them. However, because this topi@sitions by Eq.(100). ps(xj,y;) and pg(x;.y,) are ex-
is not our interest, we assume that one can estimate it. pressed by the linear combination of the reference vectors,
By the inner products of Eq$10a and(10b), one can but are linearly dependent on the input vectors, as shown in
estimate the auto-spectra on the hologram and the sourddg. 7.

plane as For the simplicity of notation, we rewriteg(x; ,y;) and
" y ps(X5,y;) asw; andw,. From Eg.(10b), w; andw, are
Suu(X,Y)=H;" (X,y)SH{ (X,y), (118 expressed as
ssdX' Y ) =HZ (X',y) S HAX ), (11b Wy =ps(x].y1) = hiiTa+hiyr,=RH", (123
where Wy =Ps(X3,Y5) = hiTra+higr=RH', (12b)
* *
S —R*R- rirl rirz _ zrlrl zrer . (110 Where-
rsri rsrp rorl Srar2 h\r/\i/l:hﬁ(xj i) (120

However, we cannot directly estimate the contributions of i Wi ewiaT
the sources from Eq$11a and (11b). This is because the H " =[h/T h3], (120
reference vectors are not linearly dependent on the input vec-

y N Fig. 5. IPEYES hpe—rn mg (128

tors in general, as shown in Fig. 5.

Using Egs.(10a, (110, (123, and (12b), one can express
the projection vectors giy(X,y) onw; andws,, py.wi(X,y)
and pH:WZ(XIy)! as‘18,19

WEPHOLY) | HITSHE ()
W1 Wy ! Swiwi

IIl. SOLUTION METHOD
A. The idea of the proposed method

Equation(11b) enables one to estimate the auto-spectrg,,.,,,(x,y)=
of pressure on the source plane. Thus one can estimate
source positions from the local maximum points of the spec-
tra and pressure signals at the source positions. For contribu- s o
tion analysis, our proposed method uses the pressure signals P(x'1Y") ho (XY T,
at the source positions estimated by NAH. It is conceptually
identical to the conventional method addressed in Sec. I.
However, it does not require any prior information on source
positions before applying NAH because of using the esti-
mated signals, not the measured signals. B (X)) T,
Let us consider an ideal case, where the two source po- aasli
sitions are X1 ,y;) and (x5 ,y5) on the source plane. Figure 6 ; N
is the one-dimensional expression of the ideal case. The con- h(x'Ly') 1,

tributions have their maximum values at the source positions. _ .
FIG. 7. The expression of pressure vectors at source positions by reference

The _ShaPeS are steep_ enough to neglect the overlap of tr\}gctors in the ideal caskg; andq,: two input vectorsy; andr,: two
contributions, or the distance between the sources is larg@ference vectorps(x;,y}) andps(x},y,): pressure vectors at the source

enough. Then the pressure at the source positim{g, ,Y;) positions, anchy}(x/ ,y/): the transfer function between and ps(x/ ,y;)]-

wy, (133

i f; hfx x'uy') ?1
%

X',y
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Buxy) Sss(X')

contribution contribution

ezl of source2 of sourcel
—
> P (XY)
q
FIG. 8. The vector expression of the partial coherence procddyrand Yo 1 = : > X'
g,: two input vectorsw,; andw,: pressure vectors at the source positions, X'2 X'l

w,.;: the orthogonal component @f, to w,, py(X,y): pressure vector on
the hologram planepy.,1(X,y) andpy.41(X,y): the projection vectors of
PH(Xy) onw; andw, 4].

Sss(X')
2* H 4
W3 P(X,Y) HY S HE(X,y) I
PH:w2(X,Y) = & *H Wy=— — wo, (13b) contribution contribution
W3 Wa Swaw2 of source2 P —

where

Swiw1 =W Wy, (130

Swawz= W3 W, (139 > X'
Swiw1 ands,,,» are the auto-spectra at the source positions. X', X',
By the magnitude squares of Eq43a and(13b), one can (b)

estimate the contributions on the hologram plane. They are _
wi* H 2 w2* H 2 FIG. 9. The two examples of spatial overlagas): the case that the strength
IHE S HE (G Y)[*/swawa @nd [HY S HE (G Y) % Swawz - of one source is much larger than that of the ottbJ;the case that the

Similarly, one can also estimate the contributions on thestrength of one source is similar to that of the othgrandx} : two source

source pIane. positions, andss{x’): the auto-spectra of pressure on the source plane
As the spatial overlap becomes large, the proposed
method will produce large error. This is becawsgandw, HH _yH Wl wi* H
X,y)=H/(x,y)—H/(H H (x,y))/ .
are not perfectly coherent @, andq,. Therefore it can be Pt (V) =HEGY) = HEH S H X)) S"ﬁﬁlb)
applied to local sources with small overlap, but not to . . .
sources with large overlap. This is its limitation. The partial coherence procedure estimates the second contri-

bution by the magnitude square of Eq(14a,
*
HE Wi (% Y) S HLya ().
B. The proposed method combined with the partial The partial coherence procedure makes the second con-
coherence procedure tribution estimation more accurate in the case of Fig).9n
When there is the overlap, the partial coherencegg' da), tr(;e first sourcgt_3|gng|ctamly affectz the preszure at ¢
proceduré?® can improve the second contribution estimation f? Sff[:r?n source p(is;r:onf,_ ;J € secon.t. sour_;:e 0es no
in some cases. In terms of the vector notation, it is equivalenzi1 ect the pressure at the first source position. Thysis

to Gram—Schmidt orthogonalizatidh!® as shown in Ref. V€Y linearly dependent og,, butw; is not linearly depen-
12 ’ dent ong,, as shown in Fig. 8. Howevews,., is very lin-

early dependent on, because of the orthogonal property.

herefore the second contribution estimation becomes more
gccurate by the partial coherence procedure. However, it
does not in the case of Fig(l9 thatw; andw, are similarly
distorted.

Figure 8 illustrates the proposed method combined wit
the partial coherence procedure, andw, are the pressure
vectors at the source positions. The partial coherence proc
dure obtains new orthogonal basis andw,.; by applying
Gram-Schmidt orthogonalization v@, andw,, wherew,;
is the orthogonal component of, to w;. The partial coher-
ence procedure estimates the contributions by projectin
pn(X,y) on wy; andw,.,. The projection vector onv, is In order to verify the proposed method, we performed a
PH-w1(X,Y) [EQ. (138]. Therefore it does not change the first numerical simulation using two incoherent monopole
contribution. However, it changes the second contributiorsources. The hologram plane was located at 15z, (and
becausew,., is different thanw,. As shown in Fig. 8, the the source plane was at 0 cm. Measurement spacing was 15
projection vector onw,.1, py.wi(X,y), can be obtained by cm, and the number of measurement points was3&2 The
subtracting py-w1(X,y) from py(x,y). Using Egs.(10a, two monopole sources were located (46 cm, 0, 0 and
(129, and (133, the result is expressed as (=15 cm, 0, 0. Reference microphones were located 3

. O LH cm, 0, 0 and(—30 cm, 0, 0, which were considered to be
PH-wi(X,Y) = PHOGY) = Prawa (X Y) =RH i (xy), - (148 sufficiently far from the sources. Frequency was 300 Hz. The
where input signals were the strengths of the monopole sources.

6:. Numerical simulation

1812 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 K.-U. Nam and Y.-H. Kim: Visualization of multiple sources 1812
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The auto-spectra of the inputs were the same. The cros$iologram and the source plane will decrease, as the plane
spectrum between the inputs was zero. This assured our igoes to the source plane. Let us consider a decomposition
coherent assumption. In order to estimate the pressure on tipdane ) for contribution analysis. That is, we use the local
source plane, we added zeros so that total data number iisaximum pressure vectors on the decomposition plane in-
96x96, and used the winddithat assures minimum error. stead of the source plane. As the decomposition plane goes
We estimated the contributions by two methods, Estimato the source plane, the estimated contributions will go to the
tion 1 and 2. Estimation 1 estimated the contributions bytrue ones because of the reduction of the overlap. This mo-
simply applying the partial coherence procedure to the refertivated us to send the decomposition plane to the back of the
ence Signals. It is the conventional method except for nogource p|ane_ The pressure on the decomposition p|ane be-
placing the reference microphones close to sources. EStim@ind the source planezg<zs) cannot be accomplished in
tion 2 estimated them by the proposed method combinegeality, but can obviously produce more coherent signals.
with the partial coherence procedure. Figure 12 shows the first contributions on the hologram
Figures 10 and 11 show the results of Estimation 1 anghjane estimated by using three different decomposition
2 aty=0 line. The true contributions on the source planepjanes. The result by tr|, = — 5 cm plane is better than that
were estimated by propagating the true ones on the hologragy the 7, =0 cm plane, which is the source plane. It implies
plane. Figure 10 shows large error. This is simply becausgyat 5 decomposition plane, which is located at the back of
the reference signals are not coherent to the inputs. Figure 3l source plane, can be better than the source plane. How-

shows relatively small error. However, the results are not, ar the result by thep=—40cm are worse than that by

perfect because of the overlap on the source plane. We Cafe 2o=—"5cm. It implies that there is an optimal position

see that the second contribution at the first source position ig¢ e decomposition plane
—o dB [Fig. 11(d)]. This is because the orthogonal compo- In order to understand these facts, we examined the first

nent ofw, to w, is zero. _In othgr words, th_‘"‘t Is because thetrue contributions in space and wave number domain on the
proposed method combined with the partial coherence PO ree decomposition pland&ig. 13. In the wave number
cedure regards that only the first source affects the pressu

El%main Fig. 13@)], the true contribution on thez
at the first source position. [Fig. 13a)], D

=-—5cm plane has the flattest shape because evanescent

wave components properly increase. Therefore the true con-

tribution on thezp=—5 cm plane has the steepest shape in
The overlap produces error. This section introduces dhe space domair{Fig. 13b)]. It means that thezp

method to reduce it. =—5cm plane has the least overlap and is closest to the
The overlap on the source plane will be less than that omdeal case.

the hologram plane. The overlap on the plane between the The next step is to determine the optimal plane of many

D. Optimal decomposition plane
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possible planes. The optimal plane must have the least over- If a decomposition plane is not far from the optimal

lap. This means that the contribution on the optimal planelane, the auto-spectrum near a maximum point will be simi-
has to be steepest. Therefore, in order to find it, we have ttar to the first contribution. Therefore, as a measure for the
devise a measure for the steepness. steepness, one can use the ratio of the maximum auto-
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spectrum to the neighborhood. If the auto-spectrum on a desptimal plane. We can see better results than those of Fig.
composition plane ispp(m,n) in a discrete form and the 11.
maximum point is MNyaNmayd, then one can express the

ratio, «(zp), as IV. CONCLUSIONS

We proposed a method to estimate the contributions of
multiple incoherent sources in near-field acoustic holography

«(Zp) = 4Spp(Mmax: Nmax)/{ Soo (Mmax™ 1Nmay) (NAH). The proposed method predicts source positions by
+ S50 (M LiNma) + 500 (Mmac Nmact 1) NAH, and uses the es_tlmated pressure at t_he source posi-

tions. It does not require any prior information on source

+ Spp(Mmaxs Nmax— 1) }- (15  positions before applying NAH unlike the conventional

method. The detail procedure was explained by the projec-
tion of the spectral vectors. We verified the proposed method
Therefore one can determine the plane to maximize this ratiby the numerical simulation using two incoherent monopole
as the optimal plane. Using this ratio, we determined that thsources. We also introduced an optimal decomposition plane
optimal plane iszp=—-5cm ofz;=0, —1 cm, ...,—40 cm in order to reduce the spatial overlap, which produces the
in the above simulation. Figure 14 shows the results by thirror in the proposed method.
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APPENDIX: THE ESTIMATION OF THE TRANSFER
FUNCTIONS BETWEEN REFERENCES AND
THE PRESSURE

Let us rewrite Eq(109 as

PH(X,Y)=RH(X,y), (Ala)
where

R:[rl rz], (Alb)

HE(xy)=[hfi(xy) hooyTT. (Alc)

In Eq. (Ala), the unknowns aré/’(x,y) andh/,(x,y). By
the pseudo-inverse of matrR, they can be estimated®d$

HE(xy)=[hfi(xy)  hhoxy)]T
=(R*R) " {(R*pu(X,¥)) =S, 'S (X,y),

(A2a)
where
* *
Srr:R*R: rirl rirZ _ Stir1 Srir2 , (A2b)
rsry rsra] [Srzr1 Srar2
rIpH(X,Y) Srin(X,Y)
X, :R* X, = = '
Stu(X,y) PH(X,Y) [rng(x,y) Sr2H(X,Y)
(A2c)
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Adaptive time-reversal mirror
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The time-reversal mirror uses the received signal from a probe source to refocus the signal at the
probe source location by backpropagating the time-reversed version of the received signal. In this
study, an adaptive method is described to steer a null to an arbitrary position in a waveguide while
maintaining a distortionless response at the probe source location. As an application, selective
focusing in free space is demonstrated. 2001 Acoustical Society of America.

[DOI: 10.1121/1.1358299

PACS numbers: 43.20.Fn, 43.30.YANN]

I. INTRODUCTION noted that the DORT method requires measurement of the
(NXN) interelement response matrix, while the selective fo-

The time-reversal mirrofTRM) has been demonstrated cusing method based on nulling process needs only a few
in ultrasonic$? and underwater acoustic environmehBur-  iterations depending on the relative strength of the targets.
ther, the theory has been extended to the detection of scalypically the number of iteration requires less than the num-
terers and to focusing through an inhomogeneous mediunier of array elements. For two targets with target strengths
Recently, the development of the DORT methadlowed  differing by 6 dB, it has been found that ten iterations in total
the selective focusing on a weak scatterer. were sufficient to focus on the weaker target.

In this paper, the concept of an adaptive weighting on  The potential application of null steering can be found in
the TRM array before backpropagation is introduced to steemany areas, including selective focusing, silencing certain
nulls. Accordingly, the expression for the weight vector tolocations during transmission and communication associated
steer a null at the arbitrary location, assuming that the crosswith TRM, suppressing reverberation from discrete scatter-
spectral density matrixCSDM) for the null location is ers, and the practical problems that require manipulation of
known, is formulated based on optimization theory withthe field based on nulling.
constraints~’ Then, it is demonstrated in simulation that the ~ In Sec. II, the formulation of TRM is reviewed and ex-
null can be steered in an ocean waveguide. Even when tHénded to accommodate adaptively weighted backpropaga-
CSDM is not available, a null in the vicinity of the probe tion. Simulation results are presented in Secs. Il and IV for
source still can be steered in the range direction based on tiglll steering and selective focusing, respectively.
theory on the invariants of the waveguitié! for which
simulation results are also given.

As an application of null steering, selective focusing on||. THEORY
the weaker tgrget among two targets is demonstrated, anAJ. Review of TRM
compared with the previous work known as the DORT
method*!? In order to focus on the strong target, the itera-  As described in Fig. 1, the phase-conjugate field at the
tive time-reversal mirrdf~2%is used. It is shown that the field locationf in frequency domain is written &
focused field on the strong scatterer is equivalent to the field
due to the eigenvector with the largest eigenvalue propagated N
to the control plane, where the scatterers are located. Sinq:c{r*):E g* (Fi|Fps) 9(F] Fi)=gT(rarraJFps)g(ﬂrar,ay), (1)
the scattered field from the strong scatterer contains the pres- =1
sure vector from the scatterer to be nulled, the CSDM is
constructed to compute the weighting vector to steer the nullwhereg(fi|f",¢) represents the received acoustic pressure at
Once the adaptive weighting on the array is computed, th#éheith array element locatiof; propagated from the probe
time-reversal mirror can be focused onto the weak targegource positionf,s. Likewise, g(f|j) represents the field
with one iteration. The simulation shows that the focuseddropagated from théh array element locatior; to the ar-
field in this way gives the identical field to that resulting bitrary receiver locationr as shown in Fig. 1N is the num-
from the eigenvector with the second largest eigenvalue oper of array elements. Superscripts*( fnd () denote

the time-reversal operat¢TRO) of the DORT method. It is complex conjugate and Hermitian transpose, respectively. In

a vector notationg and r,.,, are (NX1) column vectors.
a . ‘ Note that the position vectors are writteniialic letters with
The work was done during the author’s sabbatical leave at MPL. Perma- d th | d . . .

nent affiliation: Korea Maritime University, Pusan, 606-701, Korea. Elec- arrows and the column vectors and matrices are written in

tronic mail: jskim@hanara.kmaritime.ac.kr boldface letters.
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B. Derivation of weight vector 1}
Introducing a signal vector for backpropagation 0 0.05 01 015 0.2
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W= : ) (2 20t ]
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Eqg. (1) can, more generally, be written as o
N © o0t |
P(1) =2 Wi g(FIF) =W'g(F|r aray), (3)
i=1 40 |
wherew reduces ta in a conventional time-reversal mirror. (MW\{W\ WWM
Now, let us find a signal vectow which gives the dis- 60 {W\N\Mﬂ ; W\ﬂﬂmnm
tortionless response at the focal point and minimizes the in- 0 100 200 300 400 500 600
. . (b) Frequency (Hz)
tensity coming from elsewhere when backpropagated. De-
noting K as the CSDM of the observed signal vector, this FIG. 2. Probe sourcés) signal and(b) spectrum.
problem reduces to the optimization problem of the follow-
ing objective function: the weighting minimizes the acoustic intensity coming from
minwKw, (4)  elsewhere, the weighting tends to null out the contributions
w from other CSDMs such as the second term in (#g.which
with the distortionless response constraint at the focal Ioca§atISfy the following requirement:
tion, which can be expressed as min|wg(7| r array |2 tS)]

- w
WTg(r ps| rarra)) =1 5
The solution is well known and referred to as the mini-

mum variance method in the adaptive array signa

processing’ that is

If the placement of nulls is needed at more than one location,
additional CSDMs which correspond to the desired null lo-
cations can be added incoherently to Ef).

e K ™19(Fpd Marray © C. Theory on the waveguide invariants

9" (FpelTarray K ~10(F gl Marray) As described above, the adaptive weight vector normally
requires measurement of CSDM for the nulling location. The
CSDM, however, can be predicted in an acoustic waveguide
if the null is to be placed in the vicinity of the probe source
in the range direction using the waveguide invariants theory.
In a dispersive and multimodal waveguide, the lines of
constant sound intensity lead to a constant slope between the
certain parameters of the waveguftié! The invariant, de-

In practice, the signal vectar is found from the minimum
variance formulation with diagonal loading known as white
noise constrainfWNC) in order to make it robust to the
noise and the inversion of matrk possible.

For the case of steering a null with a single probe
source, the CSDM is defined as

K=0(Fpdll array 9" (Fpdl T array + 9Tl aray) 9 (Tl Farray). noted asB, characterizes the relation between the range and
frequency as
wherer, is the location where the null is to be placed. The R Sw
signal vectorw in Eq. (6) places a null at the locationi, B= ~ SR’ 9

where the Green'’s function is denotedgasg(fy|r aray - The

properties of the signal vectav give the distortionless re- whereRis a horizontal range and is an angular frequency.
sponse in the look location when backpropagated, which is  For a Pekeris waveguidg, is one as shown in Fig. 9 so
expressed as a constraint given in E5). In addition, since that
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FIG. 4. Single frequency phase conjugation experiment at 300 Hz. The
probe source is at 60-m depth and 6000-m range.

0.5 A. Time-reversal mirror
When the received signal at the array is time reversed
and backpropagated, the signal focuses back to the probe
source location as shown in Fig. 3. Figuré&)3shows the
time series received at the range 6000 m as function of
. depths. The time is referenced as the source signal for the
focused signal, since the field response is 1 at the focal point.
The focusing is noted at 60-m depth, the time series of which
: : : ; is shown in Fig. 8).
(b) 0 0.1 O'T2ime (Seg)-‘* 04 05 Figure 4 shows the focusing at the center frequency 300
Hz. The position A:fps=(rs,2ps) = (6000 m, 60 mis the
FIG. 3. Simulated time series focused on the probe source location at 60-fpcal location, B:f,=(r,,z,) = (6300 m, 80 mis the loca-
depth and 6000-m range. tion to be nulled in Sec. Il B, and G}, =(r,,,z,) = (6300 m,
60 m) is the location to be nulled in Sec. IlIC.

Pressure
(=)

w
R'=—R. (10 B. Placing a null at an arbitrary location with known
field response

. C , When the pressure vector or Green’s function at the
Equation (10) states that the acoustic field aR'(w) ap- nulling positionri* (r..z) from an array is known, the
n ns»<n )

prox!mates the value aRjw"). Therefore, the signal vector (CSDMs are constructed using B@) and the weight vector
received at the array can be used to calculate the CSDM in .
gfound from Eq.(6). The backpropagated field response

the vicinity of the probe source range at the same depth so a : T o
to place a null without measuring the Green’s function fromWlth this weighting is shown in Fig. 5 for the center fre-

the null location. o

IIl. SIMULATION IN WAVEGUIDE 20
In this section, the steering of null is demonstrated in a
Pekeris waveguide as shown in Fig. 1. A time-reversal mir-
ror is used to focus on the probe source location in Sec. Il A.
In Sec. IlI B, the null is steered to the location of which the
transfer function to the array is known. In Sec. 111 C, the null
is steered into the horizontal direction using the transfer 80
function predicted from the theory on the waveguide invari-
ants reviewed in Sec. Il C. B
For the purpose of simulation, the pulse with center fre- 1%%00 6000 6500
quencyf.=300 Hz and ping duratiom=0.1 s is usedFig. Range (m)
2). The sampling frequency is 3600 Hz, FFT size is 8192, S%IG. 5. Single frequency phase conjugation experiment at 300 Hz. The

that the t[me window is 2.3 s long. The probe source isprobe source is at 60-m depth and 6000-m range, and a null is placed at the
located at™ys=(r ps,Zps) = (6000 M,60 M range of 6300 m and at the depth of 80 m.

40

Depth (m)

60
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FIG. 6. Simulated backpropagated time series at range 6000 m with a null &1G. 8. Single frequency phase conjugation experiment at 300 Hz. The null
80-m depth and 6300-m range. is steered to the probe source location at the range of 6000 m and at the
depth of 60 m.

quency of the probe source signal. The null at poinf,B  C. Placing a null and a focus at the same depth using
=(rp,z,) is noted as a result of the nulling process. information from probe source signal only

The time series at the range of 6000 m is shown in Fig. |y sec. 111B, a priori knowledge of the pressure vector
6. Although the distortionless response at the focal locationy the nyliing location is required to steer the null. However,
Fps=(I'ps:Zpg) IS maintained, the weak sidelobes aré ob-gyen if the pressure vector at the array from the nulling lo-
served at different depths. This is due to the shading effect Qfation is not known and the pressure vector from the probe
nulling, so that the field except the focal location at the rang&qrce is the only information available, it is possible to steer
of 6000 m is modified to some extent. The degree of modithe nyll at the same depth of the probe source within the
fication becomes insignificant when the pressure VECtOrgange where the invariants of waveguide hold.
from the probe source Iocation_and the nulling Io_cation are  The transfer function at the null position is predicted
well resolved. In Fig. 7, the nulling at 80-m depth is shown.pased on the theory on the waveguide invariants as described
The sidelobe structure along the depth at the range of 6300 §j sec. |11C. Since the null is to be placed at the range of
is highly correlated with the sidelobe structure in Fig. 5 forgzgg m, the frequency of the wave vector to be backpropa-

distance of 300 m from the focal location is noted.

In Fig. 8, a null is steered to the probe source location. A ¢/ _ 3545 6000 m
unit vector was used to construct the first term in EQ, 6300 m

which is equivglent to steering the look location to the plan?Similarly, the frequency bins are shifted according to €3,

wave p'ropagatlng pormal to the array. The second term,"bhase conjugated, and backpropagated to realize the null at

Eq. (7) is now the signal vector from the probe source. Thisg300 m. The nul position can also be predicted from Fig. 9.

example demonstrates that null can be steered even without In Fig. 10, the simulated field response to place a null at

the specific look location as a probe source. 60-m depth and 6300-m range is shown at the center fre-
quency.

—285.7 Hz. (11)

30 , .
lf=310Hz
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FIG. 7. Simulated backpropagated time series at range 6300 m. Note the
null at 80-m depth. Also, 0.2 s of time delay is noted. FIG. 9. Interference structure of the sound field in the Pekeris waveguide.
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FIG. 12. Simulated backpropagated time series at range 6300 m. Note the

FIG. 10. Single frequency phase conjugation experiment at 300 Hz. Th
fhutll at 60-m depth.

probe source is at 60-m depth and 6000-m range, and a null is placed at t
range of 6300 m and at the depth of 60 m.

Figure 11 shows the depth-stacked time series at 6000-13irong scatterer in order to calculate the nulling weight vec-
range. In Fig. 12, the depth-stacked time series at 6300-rtor. This is achieved by an iterative time-reversal
range are displayed. The null at 60-m depth and time delagperation:>~°The received pressure vector from the strong

of 0.2 s is noted. scatterer provides the CSDM at the nulling location. Once
the CSDM is known, the weight is calculated and applied on
:;/F\; ESIEZEIéEFgIC—:l\E/E FOCUSING ON TWO TARGETS IN the array before backpropagation. This beam pattern has a

null at the location of the strong target and, since the strong
As an application of null steering, selective focusing as-eigenvector is suppressed, the beam pattern focuses weakly

sociated with the iterative TRM is demonstrated in this secon the second target. The scattering at this stage occurs from

tion. the second target, since the strong target has been nulled.

Selective focusing on the point-like scatterers has beefrime reversing and backpropagating this signal yields a fo-
demonstrated using the DORT metHod. The DORT s on the second target.

method utilizes the time-reversal operatdRO) defined as
K*K, where the matriXX is the transfer matrix, of which

elementX,,, are defined as the pressure receivetttatle- surement of the X N) interelement response matrier,

ment with source located atth element in a transmit— . .
half due to the symmetry of tHé matrix) and the eigenvec-

receive array. Note that thi§ is different from the one used " h I h . v af
in Eq. (4). When the eigenvalues of TRO are not degeneratet,Or decomposition. The nulling method requires only a few

the eigenvectors of the TRO correspond to the pressure vell€rations to focus on the second target for the case of two

tors received from the scatterers. The propagation of th€Catterers.
eigenvectors results in selective focusing at each scatterer. ~ The selective focusing process based on the nulling
The focusing on the weak target based on nulling promethod is illustrated in the following subsections. Section
cess requires the knowledge of CSDM at the location of théV A describes the setup for the numerical experiment and
the simulation parameters. In Sec. IV B, the iterative time-

While the DORT method provides an elegant way for
selective focusing, the construction of TRO requires mea-

=
Transmit-receive array
Control plane
z =-T74.6mm

z=-27.8mm
E Strong target ——> @ z=-22.8mm
=
Q.
3 X

Weak target —> @ z=+2.5mm
y
z=+427.8mm
— 7 = +74.6mm x =+170mm
0 0.1 0.2 0.3 0.4 0.5
Time (sec) z

FIG. 11. Simulated backpropagated time series at range 6000 m. FIG. 13. Setup for numerical experiment of selective focusing.
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FIG. 14. The time series at the arrdg) and(c), and at the control planéb) and(d). (a) Shows the signals received at the array from the scatters insonified
by a monopole sourcéb) is for the received signals at the control plane when sigmak phase conjugated and backpropagatedis the signal received
at the array after ten iterations, afd) is the received signal at the control plane when sigogls phase conjugated and backpropagated.

reversal mirror is demonstrated, with selective focusing orof displaying the focusing with fine resolution. Two point
the weak scatterer in Sec. IV C. scatterers are placed on the control plane. The strong scat-
terer is at &,y,z) =(170,0,- 22.8), and the weak scatterer is
A. Setup for numerical experiment at (x,y,z)=(17Q,0,2.5). All units are in mm. The scatterers
_ ) ~are separated in a way that the scatterers are well resolved.

Figure 13 shows the schematic setup for the numericafhe gifference in the target strength is 6 dB for the current
experiment. This setup has been adopted from the experjmylation. The numerical experiment has been carried out
mental setup used in the demonstration of the DORTyith —30-dB Gaussian white noise. In the simulation, it is
method with minor modification. The center frequency is 1 assumed that multiple scattering is negligible.
MHz, and the sound speed is 1500 m/s. The transmit—receive
array has 200 elements with element spacing of half a waveé. iterative TRM on strong target

length, so thatz spans betweerz=(—74.6+74.6 mm. In
order to make the mathematical manipulation more feasible, In order to achieve the focusing on the strong scatterer,

a control plangmore precisely a lineis defined at 170 mm the first step is to insonify the control plane using a point
apart from, and parallel with, the transmit—receive array. Thesource. The reflected signals from two point scatterers are
pressure field along this control plane will be displayed toshown in Fig. 14a). This signal shows the considerable re-
visualize the focusing on the scatterers, which are purposelffection from the strong scatterer, while there is a weak sig-
placed on the control plane. This is not necessary for eithenal from the second target. When this signal is time reversed
the DORT method or the nulling method, since the scattererand backpropagated, the signal received at the control plane
can be spread arbitrarily in three-dimensional space. The& shown in Fig. 14b). This process is iterated to achieve a
control plane consists of 100 points. The spacing betweefocus on the strong target. After ten iterations, the signal
the control points are 3/4 of that of the spacing in thereceived at the transmit—receive array is shown in Figc)14
transmit—receive array, so thatspans betweemn=(—27.8, for which the time-reversed and backpropagated signal is
+27.8 mm. Again, this spacing is selected for the purposeshown in 14d). It is clear that the signal is focused on the
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MHz as the iteration increases. The broken line is the signal received from
scatterers insonified by a point source. The amplitude at the strong scatterer
is twice that of the weak scatterer. The solid thin line is after five iterations, 00.8- V
and the thick line is for the tenth iterations. It shows that the frequency ; )
response converges to the strong scatterers. a
) 50.6 .
location of the strong scatterer. £
The field projected on the control plane for the center 5
frequency is plotted in Fig. 15. The plot shows how the field ~ §0.4f 1
is focused to the strong target as the iteration increases. The g
[
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250 : : 1 FIG. 17. The comparison with TRQime-reversal operatpr(a) shows the

strong scatterer's eigenvectafisroken line: by DORT method; solid line:
by iteration. (b) shows the weak scatterer's eigenvect@@moken line: by
DORT method; solid line: by nulling methpd

Maximum of the pressure
[\
o
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broken line shows the initial field at the control plane corre-
sponding to the case shown in Fig.(lt4 The difference in
the target strengths between scatterers is 6 dB. The thick

0 20 ~10 0 10 20 solid line shows the focusing on the strong target after ten
(a) Off axis distance in mm iterations.
400 , , , , , The rate of convergence is dependent on the relative
target strength of the scatterers. The detailed convergence
3501 1 analysis can be found in Refs. 13—15.
[O]
3300r 1
(%2
:?250‘ 1 C. Focusing on weak target
K=
452007 1 Once the focusing on the strong target is accomplished,
E 150- | the signal received at the receive array plays the role of a
E probe signal where we want to place a null, assuming the
§100 1 scatterer can be treated as a point scatterer. Now, the pres-
5ol | sure vector received from the strong target is equivalent to
(T aray Fn) in Eq. (7). Note that for this casg, in the second
0 20 210 0 10 20 term is the same as,s since the strong scatterer is to be

(b) Off axis distance in mm nulled. However, there is the problem of setting the wave
vector for which the weighted and backpropagated field has

: . . the distortionless response, which plays the same role as the
The wave vectors received at the control plane after applying a nulling,.

vector on the phase conjugated transmitting vector at the center frequencD.rSt_ term in EQ-(7)-.A|thOUgh this wave vector can be an
(b) One iteration is applied to focus on the weak target. arbitrary vector sufficiently far away from the nulling point

FIG. 16. The wave vectors received at the control plane with nulliag.
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FIG. 18. (a) and(c) show the time series focused on the first target by nulling and DORT methods, respectively), amd(d) show the time series focused
on the second target by nulling and DORT method.

(or equivalently well resolved a unit vector has been used V. CONCLUSION
in this study. The meaning of using a unit vector is inter-

preted as the wave vector received in the far field so that th{a
distortionless response is achieved at the far field. It is noteo{

that the random Gaussian number has been generated to Yown at the array while maintaining the distortionless re-

used as the wave vector for the distortionless response, and <o at the desired location such as a focal point. Using

the result was unaffected, which is not surprising because thi formation from the probe source only, the theory on the
humber of elements have enough degrees of freedom to n Iaveguide invariants is utilized to demonstrate the steering

out the strong eigenvector. of nulls in the range direction. As an application, selective

ntIrZI?urIe nm?/z/itshhct)r\:vs rt]h(ﬁirf)rejsutrer VeCtﬁréeCf't\;]ed atnihr ocusing on the weak target among two point scatterers in
control plane € nulling vector applied at the center, . space is realized, giving the identical eigenvectors as

freq_uency of 1 MHz. It is noted that con_S|derabIe focusing IS ptained from the DORT method.
achieved on the weak target. It is considered that, when the

strong target eigenvector component is suppressed, the sec-

ond eigenvector is taking the place of the dominant waved ‘CKNOWLEDGMENT
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Roughness characterization of porous soil with acoustic
backscatter
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The use of acoustics to determine the pore properties of soils, such as porosity, permeability, and
tortuosity, is well established. A theoretical surface impedance and complex bulk wavenumber was
developed by K. Attenborough for porous media that incorporated the soil pore properties as
parameterf]. Acoust. Soc. Am73, 785—7991983]. Acoustic level difference measurements were
used as a noninvasive means of finding the soil pore properties. Acoustic reflection measurements
showed that the sound field over porous rough surfaces is modified by the surface impedance and
by surface roughness. It is not possible to separate the signal modification due to impedance and the
signal modification from roughness scattering in a forward scattering measurement. In order to
accurately determine the soil pore properties, the roughness effects must be known independently
from the surface impedance. A means of measuring roughness apart from impedance would allow
the effects of roughness to be taken out of the level difference measurements. The underwater
acoustics community has used acoustic backscatter for many years to examine surface roughness.
The feasibility of adapting these acoustic backscatter techniques to outdoor porous soil surfaces is
examined. ©2001 Acoustical Society of America.
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I. INTRODUCTION whereNp, is the Prandtl number. The bulk density and bulk

o ) ~_ wavenumber of the soil can be combined to calculate the
Predictions of sound propagation over porous soil using,,rmalized surface impedance

three pore parameters have been fit to measured data to de-
termine the pore properties. This work was based upon mod- wpp(w)
els constructed by Attenborough to characterize the proper- Kp()
ties of porous medid.The Attenborough models have been

extensively compared to soil measurements and therefore avéerec, is the speed of sound in air.

useful for modeling the range expectetiThese models cal- In a review of sound propagation over a smooth imped-
culate the complex bulk density and bulk wavenumber fromance surface, calculations of the sound pressure level ema-
the porosity, tortuosity, and flow resistivity of soils. The low hating from a point source are described by Attenborough

frequency limits of the density and wavenumber are given byt al* In that review paper, the sound pressure level is de-
termined by the source-receiver geometry, the frequency of

1

PoCo

Z(w)= , ()

pold Ao interest, and the impedance of the surface. The received
pp(@)= Q §T+I > ) (1) sound level is the combination of the direct signal from the
Po source to receiver and the signal reflected off of the surface.

4 1 The reflected signal contains information about the surface

kb(w)=k0\/;' aTHﬁf) _ ) since it is altered in amplitude and phase upon reflection.
pPow This information is embedded in a reflection coefficient,

which is a function of the angle of incidence and the surface

In these equationg is the ratio of specific heats in akg is
the wavenumber in airpy is the density of air,T is the
tortuosity, () is the porosity,creﬁ:%crﬂ is the effective flow
resistivity with srzJ the pore shape factor amdthe flow resis-
tivity, and a is defined by
4 -1
5|55 e

impedance. Information about the porous properties of the
soil can be inferred from the value and frequency depen-
dency of the surface impedance. Sabagetlal. used the
acoustic level difference technique illustrated in Fig. 1 to
measure the pore properties of sGilShe level difference
technique is attractive because it is noninvasive method of
measuring pore properties. Later work showed only the ratio
of tortuosity/porosity and flow resistivity/porosity could be
determined.

In taking the level difference measurements, it was

dPresent address: Bioacoustics Research Laboratory, Department of Electr'bund that the experimental results matched fairly well with
cal and Computer Engineering, University of lllinois at Urbana—

Champaign, 405 North Mathews Avenue, Urbana, IL 61801. Electronicthe develop_ed models over smooth surfa}ces. However, when
mail: oelze@brl.uiuc.edu the theoretical model was compared with results from ex-
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periments over rough surfaces, the agreement divergec:-‘;
Hence, roughness was causing a significant effect upon th
forward propagation of sound.

Attenborough proposed that the roughness of a surface 2
might be able to be characterized by examining the sounc
reflected from the surfaceEfforts were then made to model
the effects of rothness on the propagation of sound 0VeF:IG. 2. Height profiles of four soil plots taken by laser microreliefmeter.
porous surfaces. Attenboroughal. chose to treat roughness

as an effective admittance, or inverse impeddhce. . . .
Attenborough used the analysis by Hdvier construct- effects of roughness if the relevant assumptions are not vio-

ing an effective admittance for hemispherical roughness elddted and the soil properties are properly characterized. It
ments, valid for low grazing angles. In this model, the roughmay also be that the m_odels fo_r forward scattering need to be
surface was treated as a smooth surface with an altered agiered {0 better describe the field test data.

mittance. Combining Howe’s results with results from

Tolstoy® Attenborough derived an effective admittance for Il. ROUGHNESS STATISTICS OF OUTDOOR SOIL
roughness scatterers of arbitrary shape. The effective admigURFACES

tance Is One method that has been used to measure surface
BE = Be—i (Koo, 12+ BKyory ), (4) rough_ness without_the effe_cts of the acou_stic surface imped-
8P 0% sthTu ance is the laser microprofilé? The laser microprofiler mea-
where B is normal surface admittance,Zl/and o, is the  sures the height profile of a surface with a resolution of 0.25
roughness length scale defined as the projected volume &fim in the vertical direction and in square sections of 0.5
roughness per unit area of the surface. In laboratory experi 0.5mnf in the horizontal. Rmkenset al. used the laser
ments, the model predicted the effects of roughnesswell. profiler to measure the roughness of several soil surfdces.
Using the effective admittance from Attenborough, Figure 2 shows profiles of four different soil tracts measured
roughness experiments were conducted by Chambers on pby the laser profiler.
rous surface$.The experimental setup by Chambers was From a surface profile, the roughness power spectrum
similar to Attenborough’s level difference method exceptcan be derived. The power spectrum is the squared magni-
that the source and receiver were placed closer to the grountide of the Fourier transform of the surface profile. The rms
In so doing, the patch ensonified by the source had a |argé]eight and the correlation function can be derived from the
footprint. It was postulated that by allowing a larger area to2-D power spectruriV(k) by integrating over the roughness
react with the sound field, a better representation of the suwavenumberk, giving
face roughness could be obtained since local anomalies of w0
rough or smooth sections would be averaged. hr2m5=27TJ W(k)k dk, (5
Chambers observed that the effects of roughness mim- Ke

icked those of porosity and permeability. Roughness acts to 20 [« '
decrease reflected sound levels for the grazing incidence ge- C(x)= ﬁz—j W(k)e "k dk, (6)
ometry due to scattering. Increasing the permeability or po- ms - ke

rosity of a surface also decreases sound levels due to changsberek; is the cutoff wavenumber. The correlation length is

in viscous drag forces within the pore spaces of the groundhe length at whictC(x) decreases to &/of its initial value

In the models themselves, the roughness and the other s@hd describes how the roughness elements are packed to-
properties are not independent and, therefore, experimentaltyether on the surface. The larger the correlation length for
it is impossible to measure the effects independently. If onghe roughness the more sparse the roughness elements are
does not properly characterize the soil properties for the pospread about on the surface.

rosity and permeability with some other method, the ob- Intuitively, not all scales of roughness will be included
served acoustic response may be inaccurately apportionéd any surface profile since the profile will have a finite
between the effects of roughness and the other soil propetength. The low wavenumber cutoff is chosen appropriate to
ties. The result is that measurements of the roughness scalee size of the roughness being examined. For example, if a
will be inaccurate. The models may accurately describe théow wavenumber cutoff were chosen which corresponds to a
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where@ is the grazing angle, is the distance from source to
surfaceA is the area of the ensonified surface, apdndl
are the scattered and incident intensities.

Scattering from rough surfaces can be modeled by use of
small roughness perturbation theories. For rough surfaces,
perturbation theory is valid under the restriction

k,h<0.5, 9

whereh is the rms height of the surface. First order pertur-
bation theory under Dirichlet boundary conditions yields for
the backscatter cross-sectton

oo )= 4Ky sir® 0 W(2k, cos), (10)

Soil plot (a)
Sod plot (k)
Sotl plot {¢) -
Soil plot (d)

8

10 log [W()| (dB n)
8 3 8 B & &

It
i

Ro.fg?.i..,swammb.,,k (Um) 100 where k, is the acoustic wavenumber aWd(2k, cosé) is

the 2-D power spectrum evaluated at the roughness wave-
FIG. 3. T\_No—dimensional Power spectrums for the four soil profiles of Fig.number, xa cos6. While Scattering occurs at many points
2 plotted in log—log space. o g . :

within the ensonified surface, only scatter points with rough-

ness wavenumber separation on the surface equal to
cutoff wavelength of several kilometers, the roughness oPk, cosé are in phase for a given graze angle and wave-
local hills and valleys would be incorporated into the statis-length of sound. Hence, the scatter contribution will pre-
tics evaluated from the power spectrum. The cutoff wave-dominately come from the wavenumbek,Zos6, which is
length determines the size of the plot from which the statisthe Bragg wavelengttf In principle, the roughness power
tics of the surface are calculated. Appropriate cutoffspectrum can be evaluated by inverting scatter strength mea-
wavenumbers for normal agricultural soil surfaces wouldsurements taken at different frequencies and graze angles.
correspond to wavelengths of a meter or less. Any values ofhis would give the power spectrum in terms of a logarith-
rms height and correlation length should be given with ref-mic function
erence to the cutoff wavenumber chosen. .

Figure 3 shows the 2-D power spectrums for the four 10logW(k, ) =Sq(k, 6) ~ 10log 4" sirf" 6. (1D
profiles of Fig. 2 obtained by the laser profiler. The soil plots It has been shown that profiles of underwater surfaces
were made by breaking up the soil into clods using variougend to have power roughness spectrums with power law
farming implements. As the soil is worked the larger clodsbehaviors similar to those for soil surfacés® The fact that
continue to be broken down into smaller and smaller clodsthe power spectrums are power law means that in log-log
Kolmogorov predicted that a process where patrticles are brespace the power spectrum is linear. Theoretically this means
ken down into smaller and smaller particles would have dhat all that is needed to approximate the full power spectrum
power law distributiort? The 2-D power spectrums in Fig. 3, is two data points from which the slope and intercept of the
which were plotted in log—log space, show that the powerspectrum line can then be calculated. The power law charac-
spectra for the soil profiles are also power laws over a rangteristic of the roughness power spectrum has been utilized to
of wavenumbers. The power laws of the power spectrum foexamine statistics of underwater surfates.
the random rough surfaces are of dimensionality such that
the surfaces are fractal, which means the surfaces contain
structure on all scales and the form of the structure is similatV- BACKSCATTER FROM POROUS SOIL SURFACES

at each scale. The success of underwater acoustic backscatter at exam-

ining sea floor roughness and the fact that agricultural soil

surfaces display the power law behavior indicates that back-
IIl. UNDERWATER BACKSCATTER scatter may be a viable means of measuring roughness of
The underwater community has utilized acoustic back.Porous soil surfaces. The value of using acoustic backscatter

scatter techniques for many years to examine the roughne8% Porous soil surfaces depends upon the ability of backscat-

of ocean surfaces. For a review of acoustic backscatter iff! 1© 9iveé roughness statistics independent of the surface
underwater sound. see Ref. 13. Backscatter is measured impedance effects. The effect of surface impedance on back-

terms of the scatter strength, which is defined as scatter is investigated by incorporating impedance boundary
’ conditions into the calculation of the perturbation cross-

Ss=10loga(0), (7)  section.

where o is the backscatter cross-sectidriThe backscatter ~ Figure 4 shows the boundary of a rough surface of finite
cross-section is determined by looking at the ratios of thdmpedance with the incident, reflected, and transmitted ve-

scattered intensity to the intensity incident upon the surfacd©City potentials given by

The cross-section is given by ®j = KalBrxt Bryy+ 8172 (129
r2 g
a(0)= A E, (8) cpr:J f e KBt Byt BT (K, ki)dkK, , (12b)

1828 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Oelze et al.: Roughness characterization of porous soil 1828



and solving the boundary condition equationsdgrin terms
of ®; yields

[=pBrzt kPt SsiBajl(p—1)]e M alburi™ Fuz?

.
” \ S = [ [ t=pBi kBt STsi8 101

X e~ kuBrX T BT dk, (20)
Z .
K A \ with
&,
p2 ka
X p=—, K=—.
v § pP1 Ky
Expanding the exponential
FIG. 4. Surface geometries for sound fields on a porous surface with rough- ik —ikeB.h .
ness small compared to the wavelength. e kb= g k1B~ 1 —jk, B,hs(X,y)

and relating terms of ordd®S°, h!s®, andh®S! in Eq. (20)
gives forh?s?

<I>t=J J e~ kel Buxt By + BT (K, ki) dk, (120
(pB1z— kPr)e” F1Puxi)

with the cosine angles represented by s, thek’s rep-
resenting the transverse acoustic wavenumbers, Taride —ky(Brix) '

transition matrix. The rms height of the roughness is as- =J J (pBrz+ KkBrz) e 1P T, dk, (21)
sumed to be small compared to the wavelength of sound and

the local slope is assumed to be small. To obtain the pertuifor h's?

bation cross-section, th€-matrix is expanded in a power i IR

series in terms oh andS, the rms heigﬁt and local slzpe of (PP1—KBu)e M~k Brs ()]
the surface, with

:J f (pBrzt kB[ (1K1 B1,5(X)) To ot T10

T,=> h"S'"Tpn. (13 _
mn x e~ kuBriXdk, ; (22
For a surface with height profile given by the function for hos!

z(x,y), the following relations hold: |
(Zxy)y=h? z(xy)=hi(xy), [s;B1;1(p—1)e™ kathsx)
(ZP(xy))=1, S{i=a2ldx;. (14)

The first-order correction to th&-matrix enables the first-

:f f{[gjlgr]‘](l_P)TO,O

order perturbation cross section to be calculated through the  —[pB,,+ kB, ]To e 1 BriX)dk, . (23
relationt? '

5 The Fourier transform of Eq21) yields Tq; onceTgq is
o=(ki1B812)"C(k; ki), (19 known, T, gandT, ; can be obtained from the Fourier trans-
C(k, ki) S(ki—k/)=((To(K; ki) — (T, (k; ,k;))) forms of Eqgs.(22) and(23). The results are

X (T, (K kD) = (Tr(Ke k)Y, To,olKr ki) =R(B1x— Brx) O Bry— Bry): (24)
(16)

-1 _
_ _ _ T1o K Ki =—f f2ik Re' (k) g (x)dx, (25
To incorporate the soil surface pore properties, the boundaryl’O( ki) (2m)° X 1Pz s() 29

conditions for the continuous pressure and normal compo-

nent of velocity at the surface are used: To (k. k)= 1 f (1-p)(1+R)
On T (277)2 x PBrzt kP,
IDi+D) Dy 1
P P @ X (jBq;)€ (k) Xdx, (26)
HPi+Pr) 9P, 18) where R is the Rayleigh reflection coefficient
an an ’ 3 3
PP1z7 KpPy
Using the relation R= m. (27)
z z
L i—s( Si i) (19 The first orderT’s are seen to be related to the Fourier
. oz i transform of the surface function by
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hT, ok, ki) =—2ik;81,R

X{(zjr)zf fz(x)ei(krki)'xdx]

hTy oK ki) =—2ik181,RZ(k, —k;),

whereZ(k,—k;) is the Fourier transform of the surface pro-
file z(x). From Eq.(14),

(28)

20 log [Yig,)l

J
ngﬁlj:ﬁlja—sz(x),

-2
: H 0 200000 400000 600000 800000 1e+06 1.2e+06 1.4e+06 1.6e+06 1.8e+06 2e+06
which gives

Effective flow resistivity (mks Rayl
ST, 1(kr ki): (1-p)(1+R) FIG. 5 Contribut_ior_l pf the mo_dified reflectiqn coefficielt(k, 6), versus
' ! pBiz+ KBz effective flow resistivity for various frequencies and at a graze angle of 65
degrees.
x[ ! f f ki-V2(x) el (ke =k -xgx rayls/m for snow toO(10°) for wet loess surfaceS. The
2m*) Jx Kk " contribution of the effective flow resistivity dominates the
(29) contribution of the other soil properties for acoustically me-
. ) dium to hard surfaces. Acoustically medium to hard surfaces
Inserting the Fourier transform are defined here as surfaces with an effective flow resistivity
L of 300 000-mks rayls/m or higher. Typical values range be-
z(x)= ff Z(k; —k{)e kD xd(k/ —k/) tween 1 and 10 for tortuosity and between 0.3 and 0.6 for
o porosity in soils. The values for tortuosity and porosity will
r |

be less than 0.01% of flow resistivity values for acoustically
into Eq. (29) yields harder surfaces.

Figure 5 shows the scatter strength contribution of the

STy (K, k)= —i Ki- (ki —ki) (1=p)(1+R) modified reflection coefficient for various frequencies versus

’ ky PBrzt KBtz the effective flow resistivity. The important thing to note is

X Z(k, — k). (30) that for frequencies of 10 kHz and below the variation in the

contribution of the modified reflection coefficient is less than

For backscatterk,=—k;, B,,=—81,=Siné, ki2= cog 6, 1.5 dB for effective flow resistivities of 300 000-mks rayls/m
and By, =[1— (cost/x)’]"2 When T,=hT,+STyy is in-  and above. Flow resistivities of 300000-mks rayls/m and
serted into Eq(16), C(k,, —k;) is obtained for the first order above represent acoustically medium to acoustically hard
in T. From C(k.,—k;), the first order perturbation, back- surfaces. The fact that the contribution of the modified re-

scatter cross-section is determined flection coefficient varies little over these flow resistivity val-
ues indicates that the reflection coefficient contribution can

— 214 it 2
op(0) = 4k sirt* 0] Y (ka, 0) “W(2kzc0S0), (3Y) be evaluated with minimal error by estimating an appropriate
where flow resistivity.
112 co s The contribution of the modified reflection coefficient is
Y(k,,0)= (p—1)7cos f+p°—« 32) found by choosing likely pore parameters for the surface and
’ [psing+\k?—cos 6]° evaluating it at a frequency and graze angle. The modified

. e . - . reflection coefficient contribution can then be used to deter-
is a modified reflection coefficient that agrees with the resulf . - o power spectrum of roughness by inverting the back-
obtained by both Kuo and_ Mae: Subsutu‘u_ng the bul!< scatter measurement from the perturbation backscatter cross-
wavenumber and bulk density for a porous soil surface yI6|d§ection. Scatter strength measurements may be inverted to

}:ﬁgerzgggfd reflection coefficient in terms of the Surfaceevaluate a point on the power spectrum at some roughness

wavenumber
Y(ka.0)= [Z'— Ka/kp]* cOS 0+2Z%~1 | 33 Su(ka, 6) = 10lod 4k’ sirf 6]Y (K, , 6)|2W( 2k, cosé)|,
[Z sin@+ 11— (k, cosolk,)?]? (39
The contribution of the impedance to the backscatter strength 10logW(2k, cosd) = Sy(ka, 6)
is then given by —10log 4k sin® 6| Y (ky,0) ).
Sy(Z,ky K, ,0)=20logY(Z,kg:ky,0)]. (39 (36

Analysis of the ground impedance term given in E84) If the chosen pore parameters are incorrect, then error will be
shows the sensitivity of acoustic backscatter to impedancatroduced into the predicted roughness measurement. Since
effects. The effective flow resistivity spans the broadesthe contribution of the reflection coefficient is dominated by
range of values for the soil pore properties, from 1000 mkghe flow resistivity for acoustically harder surfaces, errors
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FIG. 6. Range of maodified reflection coefficient contribution per range of o " ) . .
flow resistivity values for three frequencies. FIG. 7. Contribution of the modified reflection coefficient at various graze

angles for 10-kHz signal.

from incorrect choices of tortuosity and porosity have negli-strength for smaller graze angles. However, the ability to
gible effect. For most outdoor soil surfaces, the frequencie$actor out the impedance effects from the roughness effects
used will be at 10 kHz and below. Assuming an acousticallyrests in the fact that the contribution of the modified reflec-
harder surface and nothing more, the range of choices for thiéon coefficient varies little for medium to acoustically hard
flow resistivity are still very broad. Figure 6 illustrates the surfaces. Even for smaller graze angles, errors in choice of
range of decibel contribution of the modified reflection coef-flow resistivity yield minimal error in the modified reflection
ficient for the range of flow resistivities assumed for ancoefficient contribution for medium to acoustically hard sur-
acoustically harder surface. At 5 kHz, choosing an effectivgfaces.
flow resistivity of 1x 10P-mks rayls/m, the maximum error It has been shown, theoretically, that the roughness of a
introduced into the contribution of the modified reflection porous soil surface can be measured independently from the
coefficient for acoustically medium to hard surfaces is atsurface impedance effects for acoustically medium to hard
most about dB. An effective flow resistivity of X 10°-mks  surfaces. The ability to measure the roughness independent
rayls/m is chosen because it is the middle value within thdrom the effects of the pore properties for acoustically me-
range of decibel contributions for flow resistivities of dium to hard surfaces using an assumed effective flow resis-
300000-mks rayls/m and greater. For typical soil surfacesivity will be examined by experiment. First, backscatter
with the rms height calculated for a B®O0-cn? section, measurements should be taken in the frequency range of
1-dB error in the absolute level of the roughness power spect—10 kHz with different graze angles. A value for the effec-
trum translates to about 5.7% error in the rms height calcutive flow resistivity, oe;=1x10°-mks rayls/m, is assumed in
lation. As the frequency is increased, the potential for erroorder to calculate the approximate contribution of the modi-
from the choice of resistivity of X 10°-mks rayls/m in- fied reflection coefficient to the scatter strength. The rough-
creases such that at 10 kHz the maximum error is almost mess power spectrum, evaluated at the roughness wavenum-
dB to the modified reflection coefficient contribution. At ber corresponding to the frequency and graze angle, can be
lower frequencies, however, the potential for error from flowdetermined by use of Eq36) with the modified reflection
resistivity estimations is decreased. At 1 kHz, for examplegoefficient and the scatter strength. From the power spec-
the error to the modified reflection coefficient is at mosttrum, the rms height and correlation length can be calculated.
about; dB for a choice of & 10°-mks rayls/m for the flow Values for the flow resistivity can be independently mea-
resistivity. The fact that lower frequencies have less potentiasured using a Leonard’s apparatithe method of Stinson
for error from the choice of flow resistivity means that map-and Daiglé* or a probe microphone technigéieFrom the
ping out the roughness power spectrum using backscatteneasured values of the effective flow resistivity, the actual
may be more accurately accomplished by weighting the measontribution of the modified reflection coefficient can be de-
surements taken at lower frequency. termined. From the actual value of the modified reflection
The contribution of the modified reflection coefficient to coefficient the power spectrum, rms height and correlation
the overall scatter strength is also affected by the angle dength can be determined. The effective error in the rms
grazing. Figure 7 displays the contribution of the modifiedheight and correlation length calculation can then be deter-
reflection coefficient at several graze angles for 10 kHz. Thenined by comparing the values obtained with the assumed
overall effect of the change in graze angle is to raise thdlow resistivity and the measured flow resistivity.
absolute level of the reflection coefficient contribution with a
s!|g_ht_ increase in the slope qf the curve for h|_gher flow "€\, CONCLUSIONS
sistivities. For lower frequencies, the increase in slope of the
decibel contribution of the modified reflection coefficient for The scales of roughness for outdoor soil surfaces are
the higher flow resistivities is even smaller. The impedanceypically centimeter in size, which implies that the wave-
effects seen through the contribution of the modified refleclengths needed to characterize the roughness also be of cen-
tion coefficient have a larger effect upon the backscattetimeter size in order to meet the restriction of £9). Wave-
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Studies of transient wave propagation in a single plate, a two-layer plate structure, and a
two-layer-on-a-half-space structure are reported. Experimental results are used to verify the
accuracy of a new model for wave propagation in layered solids. The experiments are performed
using point load excitation and point detection at the surface of the layered structure. The basis of
the new wave propagation model is first introduced. Then, experiments performed on a single plate
are described. Results from different wave sources, plate materials, and wave sensors are compared
with each other and with computed results from the model. The transient source function for a
pencil-lead-break wave source is obtained. Next, the results of experiments performed on a
two-layer plate structuréaluminum bonded to stainless steate reported. The cases of stainless
steel atop aluminum and aluminum atop stainless steel are considered. The effects of the second
layer on the transient displacement at the top surface are discussed. Finally, a
two-layer-on-a-half-space structure consisting of a stainless steel plate as the top layer, an aluminum
plate as the second layer and a thick acrylic resin block as the half-space is studied. The obtained
experimental transient measurements agree with the computed results for all cases, thus verifying
the accuracy of the model. @001 Acoustical Society of AmericdDOI: 10.1121/1.1367244

PACS numbers: 43.20.Gp, 43.58.[REC]

I. INTRODUCTION A summary of the new model is presented now. The
assumed structure of the model is shown in Fig. 1. An iso-
A new model for wave propagation in layered solids tropic homogeneous layer of thicknedsls atop an isotro-
owing to point source excitation has been develop@tie  pic homogeneous layer of thicknesh,2 overlaying an iso-
work is motivated by interest in the nondestructive evaluatropic homogeneous half-space. Perfect continuity of
tion (NDE) of multi-layered structures by means of mechani-tractions and displacements across all layer interfaces are
cal waves. On a large scale, an example is a concrete airpaissumed. The origin of the Cartesian coordinate system is at
pavementtypically consisting of two layers, each with dis- mid-depth of the top layer. A point force sourégof step
tinct elastic constants and thickness, overlaying a half-gpacéunction time dependence is located within the top layer at
where the waves are generated by a controlled nondamagimpint (0,0z;).
impact event. On a very small scale an example is a structure The model assumes an infinitesimal stress-displacement
of thin films deposited on a bodfo improve the hardness relation, and introduces the Heaviside Green’s func@ota
and the resistance to weavhere the waves are generated by 3X3 matrix with componentss;;) defined byu;=Gjf;,
a laser source. Much work has been carried out toward unwhereu; is the displacement. The expression applies to the
derstanding the response of multi-layered structures to locatop layer, the second layer and the half-space. Generalized
ized sources by researchers in seismofodySimilar work  ray theory and Willis’ inversion methotiare used to model
has been carried out to consider guided ultrasonic waves ithe transient waves. The boundary conditions are defined in
single isotropic and anisotropic plates for NDE purposks. terms of the Green'’s function. Reflection and transmission
particular matrix techniques, which provide the far-field coefficients between each interface are obtained, and a
characteristics of plane wave propagation in arbitrary multi-counting scheme that monitors all rays arriving at the detec-
layered structures, have been used effectibélpwever, the tor at the same time is formulated. The final output is a time
new model is unique in that it uses an exact formulation tadomain dynamic Green’s tensor for a point in the top layer.
directly compute the transient near-field respofwithin a  The model, integration technique, and the computation pro-
radius of ten top layer thicknesgext a point owing to point cedure are in a form suitable for parametric computation; a
source excitation in a structure consisting of two layers on &omputer program based on the theory has been developed.
half-space. The model accounts for all possible mdttee  The thickness, density, and wave propagation velocities
and leaky and is applicable to all layer thicknesses and wavegboth longitudinal and transverse wayed each layer and
frequencies. The model thereby enables evaluation of differthe locations of the source and receiving points are needed as
ent nondestructive inspection strategies and provides an emput to the model. The output of the model is provided in
hanced understanding of the propagation of mechanicaivo separate files. In the first output file, the transient dis-
waves in the described layered structures. placement(time domain signalwithin a given time range
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X34 motion at another point on the same surfégeame-side con-

0.020) figuration is monitored with a sensor. The signal from the

NS sensor is sent to a signal conditioriemplifier) before being
Layer I h 0 X digitized by an oscilloscope. The signal data are sent to a
personal computer via a GPIB interface, and then processed
Layer 11 Zhy by a computer program within the Labwindows environ-
A ment.
Half space Preliminary experiments were carried out on aluminum
FIG. 1. Assumed two-layer-on-a-half-space structure. A point load is ap-and stainless steel plates, where surface-mounted miniature
plied in layer | atxs=z,. accelerometers sensed the generated waves. Two different

wave sources were investigated: the impact of 2-mm and

Owing to a perfect Step load forcing function is given_ TheS'mm diameter solid stainless steel Spheres dropped onto the
behavior of transient waves for arbitrary extended source disPlate and a pencil-lead-break event. A sphere impacting on a
tributions in space and time can then be obtained from thi§alf-space is known to generate a transient force input
response by integration and convolution, respectively. Thésource functionapproximately as a half-cycle sine pufSe.
second output file lists the arrival time for each individual For the pencil-lead-break source, 0.5-mm and 0.3-mm leads
defined wave ray between the source and receiver; the modefith nominal hardness of 2H, H, HB, and B were used. A
provides arrival sequences, arrival times and the tgirect  force is applied on the pencil lead, where the lead tip is in
wave, reflected longitudinal, or transverse body wave orontact with the specimen surface. The force is increased
head wavg of each possible ray. The output from the pro- gradually until the lead suddenly breaks and waves are gen-
gram accounts for all possible expected wave arrivals in therated in the plate. The pencil-lead-break source is known to
two-layer-on-a-half-space structure. The detailed derivatiogenerate a source function approximately as an unloading
of the model is publishet!. step functiont! Since the direct output of the model is the

A preliminary verification of the model has been carried displacement response for an ideal step function point load,
out by theoretical check cases, including a reciprocity checlgifferentiation of the output with respect to time gives the
and some simplified case check¥he emphasis of this pa- gisplacement response for a delta function input source. The
per is experimental verification of the model. Several layergheoretical output for either the sphere drop or the pencil lead
and test configurations are considered. source can be calculated by convolving the time differenti-

ated program output with the assumed source function.

Il. SINGLE PLATE EXPERIMENTS In the preliminary experiments miniature contact accel-

When both the second layer and the half-space are ag_rometers, with a linear response range up to about 75 kHZ.’
ere used as point sensors. In order to compare the experi-

sumed to be vacuum, the model simplifies to the single plat¥v . .
case. In the model, vacuum is simulated by setting the wavB1ental output with that predicted by the model, the acceler-

propagation velocities and densities of those layers to b@Meter response must be doubly integrated with respect to
very small numbers. The output of the model is compared'me or the mode_l output doubly differentiated. The experi-
with experimental data obtained from single free plates. |{n€ntal results with both the sphere drop and pencil-lead-
the experiments, a wave source, either ball drop or pencilPréak sources were not similar to the computed results. Fur-
lead-break excitation, is applied to a point on the surface of thermore, experimental conditions were nominally identical
plate specimen. The specimens are 305305 mm plates impact event to impact event, yet the resulting repeated sig-
with different thickness, and are comprised of different ma-nals were inconsistent. Because of the observed experimental
terials. Detail about the specimens is given in Table I, wherdlifficulties, sphere drop sources were not used in subsequent
V_ is the longitudinal wave velocity and; the transverse €xperiments. On the other hand, the signals from repeated
wave velocity.V, andV+ of each plate were obtained ex- lead breaks, particularly using the 0.3-mm 2H lead, were
perimentally from ultrasonic pulse echo measurements usingery consistent. However, the frequency content of the
5-MHz contact transducers. The results were compared toaves generated by the 0.3-mm 2H pencil-lead source was
standard velocities for each matefiahd the experimentally much broadef0 to 1 MH2) than the linear response range of
obtained velocities compared favorably with those publishedthe accelerometd0 to 75 kH32. In subsequent experiments,
Different waves, including body waves and surface wavesthe 0.3-mm 2H lead break source only was used and more
are generated upon the application of the source. The wawvagppropriate wave sensing techniques investigated.

TABLE I. Properties of specimens.

Label Material Thicknes¢émm) V. (m/s) Vr (m/s) Density (g/cnt)
Al aluminum 12.7 6410 3170 2.77
A2 aluminum 9.7 6410 3170 2.77
S1 stainless steel 12.7 5780 3150 8.03
S2 stainless steel 8.0 5780 3150 8.03
P1 acrylic resin 52 2730 1430 1.15
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FIG. 2. Block diagram of the experimental setup for the laser interferom-
eter.
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FIG. 3. Comparison of displacement measurements from a stainless steel
plate detected with a laser interferometer and the computed prediction. The
signals have been shifted and normalized. The source-detector spacing is
A. Experiments using a laser interferometer 10 mm.

Since conventional sensors were deemed insufficient, a ) ) )
broad bandwidth detection system was tried. Specifically, &1€ntal results are normalized with respect to their valyes 4
stabilized Michelson interferometer with a 10-mW HeNe la- after_the Rayleigh wave arrival. This was necessary since the
ser was used. The bandwidth of the detection system is abo@fnPlitude of lead break sources could not be measured and
20 MHz, and the dynamic response of laser interferometer&® known to vary among repeated nominally identical appli-
is linear over all the bandwidti. An illustration of the test ~ cations although the overall shape of the forcing function
setup is shown in Fig. 2. A light beam is generated by thd€mains consistent. The results in Fig. 3 show that the ex-
laser and sent to a beam splitter, which splits the light intg®€rimental and computed curves have somewhat similar
two equal beams. One of the split beams is sent to the sufh@pe except at times close to the arrival of the Rayleigh
face of the test plate. The light beam impinges normally onvave. The computed response assumes a source function in
the surface of the plate, reflects back, and travels through tH§€ form of an ideal step function. The pencil-lead source is
beam splitter to the photodetector. The other light beansimilar to but not identical to an ideal step functlon, how-
transmits through the beam splitter and impinges normallVer, SO some difference between the experimental and the-
on a reference mirror. This light beam reflects back to thePretical shapes is expected. _
beam splitter and is sent to the photodetector. The two The individual wave arrivals in the experimental curve
beams, one reflected from the metal plate and the other frof® more clearly seen after application of a 2-MHz low pass
the reference mirror, interfere with each other at the photodigital Butterworth filter, which removes the high-frequency
detector. This interference, which is transformed to an elecfOiSe from the signal. The experimental data are shown in
trical signal by the photodetector, is directly related to theF9- 4 together with similarly filtered computed data. The
absolute out-of-plane displacement at a point on the surfacg@liculated ray arrival times show that point 1 in the figure
of the test plate. A very reflectivépolished specimen sur- corresponds to the arrival of a LL wave, a longitudinal wave
face is required for appropriate optical sensitivity with this that emanates from the source, propagates through the first
set up. Tests performed on the untreated metal plates yieldd@yer and reflects at the bottoffirst interface as a longitu-
no usable data. Aluminum and a stainless steel plssci- dinal wave _and propagates back through.the first layer to the
mens Al and Slwere polished and then used in the laserS€NSor. Point 2 corresponds to the arrival of LT and TL
tests. Experiments were performed using the same side cokaVves, which are waves that are reflected once at the bottom
figuration with source-detector spacing ranging from 5 mm@nd convert to the other body wave mode after reflection.
to 25 mm. The agreement at points 1 and 2 between the theoretical and

The results obtained from the aluminum plate are bettefXP€rimental data is good, but part of the experimental re-
than the ones for the stainless steel plate because the polish&Pnse(indicated as point Bis not predicted by the model.
aluminum is more reflective, but all the experimental results

show good agreement with predictions computed by the 2

model. However, the experimentally obtained signals contain 15

a significant amount of noise. A typical response for steel § ;

plate S1 with a source—receiver spacing of 10 mm is shown g

as a semi-dashed line in Fig. 3. The computed prediction is 3 0.5

plotted in the same figure as a solid line. In the figure, the 3 0 ‘
results are shifted with respect to time so that the large nega- Té
tive peaks align to the same point; the large negative peak in 505
the signal is known to coincide with the arrival of the Ray- -1 i
leigh surface wave. This shift was necessary since the time 0 2 _ 4 6 8 10
of application of the point source could not be determined Time (sec)

accurately in .t.he experimental signal when I_ead breaks WETRIG. 4. Replot of Fig. 3 after application of a 2-MHz low pass filter, shift-
used. In addition, amplitudes of the theoretical and experiing, and normalization.
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FIG. 6. Comparison between experimentally obtained results using the laser
interferometer, the displacement transducer, and the computed prediction.
The specimen is a 12.7-mm-thick stainless steel plate. Source-receiver
Since the laser interferometer produces a linear responspacing is 10 mm.

across a broad range of frequencies, we are able to obtain
experimental data and then use deconvolution to backexperiment$® The transducer consists of a specially de-
calculate the source function that generated the waves. Thiggned brass backing to which a PZT5 conical element is
obtained source function may then be used in the model foattached. The transducer is a three-point device. Two level-
subsequent computations. To perform the deconvolution, alhg screws and the active element make up the three legs.
wave arrivals after the Rayleigh wave arrival were removedTrhe transducer requires that the return electrical path to the
from both the computed and experimental 2-MHz low passamplifier be supplied. This is easily satisfied in our experi-
filtered signals. Then, zeros were added to the end of thements because the transducer sits on an electrically conduc-
shortened signals so that the peak corresponding to the Ragive metal plate. The nominal response range of the trans-
leigh wave arrival was centered in the time domain signalducer is 10 kHz to 1.2 MHz, which covers the typical
Next, the derivative with respect to time of both the com-frequency range of the pencil-lead-break sodrfcé.To ob-
puted and experimental data were determined. The Fourigain optimal coupling, petroleum jelly was placed on the
transform of the derivative of the experimental signal wastransducer surface that contacts the plate.
then divided by that of the computed signal. The inverse  The results obtained with the displacement transducer
Fourier transform of the complex-valued quotient was thershow good agreement with the computed predictions for
computed to obtain a time-dependent function that representsoth aluminum and stainless steel plates. The responses from
the derivative of the source function. By integration, thethe transducer and that from the laser interferometer obtained
source function was obtained. from steel plate S1 are plotted together along with the theo-
The shape of the source function for the 2H pencil-lead+etical response in Fig. 6. The source—receiver spacing is 10
break on aluminum, as obtained by the described deconvanm. As before, the horizontal axis is time and the vertical
lution procedure, is plotted in Fig. 5. The source function foraxis is the displacement normalized with respect to point 4
the 2H pencil lead break on steel yields a nearly identicalus after the Rayleigh wave arrival. In the figure, the solid
response. The vertical axis is normalized so that the ampliline is the response calculated by the model assuming an
tude of the step is unity, the horizontal axis is the actual timeideal step forcing function, the dashed line the response mea-
The figure shows there are some ripples before the arrival idured by the transducer, and the dotted line the response
the sharp step in the source function. Thus the pencil-leadneasured by the laser interferometer. The signal-to-noise ra-
break does not provide an ideal step function source, and thigo of the signal from the laser interferometer is lower than
may cause the shape differences between the computed atiht for the conical transducer, which illustrates the excellent
experimental signals, for example the occurrence of point 3ensitivity of the transducer. In fact, the amplitude of the
in Fig. 4. experimental data from the transducer is approximately ten
Since the use of the laser interferometer requires thé&mes that from the laser interferometer. The good agreement
specimen surface to be highly reflective, the apparatus is ndfetween the transducer and the laser responses further illus-
portable, and the obtained signals contained disturbing hightrates the sufficiently broad frequency range of the trans-
frequency noise, an alternative sensor was investigated tgucer.
replace the laser interferometer. The following sub-section  The displacement transducer is sensitive and broadband,
describes experiments on the single plate using a contaellowing direct comparison between experimental and theo-

FIG. 5. The forcing function for a pencil-lead-break on an aluminum plate.

displacement transducer. retical data. The transducer is portable and can be used on
almost any surface without surface preparation. Thus the dis-
B. Experiments using a displacement transducer placement transducer will be used in subsequent experiments

. . . .. _in place of the laser interferometer.
A conical displacement point contact transducer with a P

broad frequency response was investigated. The'output VOIh_I. TWO-LAYER PLATE EXPERIMENTS
age of the transducer is closely related to the displacement
normal to the surface of the specimen. This type of sensor When the half-space is assumed to be vacuum, the

has been used for acoustic emission and ultrasonimodel simplifies to the two-layer case. In the model, vacuum
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is simulated by setting the wave velocities and density to be 3 : : :
very small numbers. In this section, the model is experimen- : : ;
tally verified for the two-layer case. Aluminum plate A2 and
steel plate S2 were bonded together for the experiments. In
order to simulate the welded boundary conditions assumed
by the model, the plates were bonded with a high-strength
epoxy (Sikadur 32 Hi-Mod. To prepare the metal plates for
bonding, all bond surfaces were sanded to a white metal
finish and then cleaned. A thin film of epoxy was applied to 2 ; ; i
the bond surfaces, as specified by the epoxy manufacturer. 0 5 10 15
The plates were then aligned and compressed with a 100-kg Time(usec)
dead-load acros; the entire Su_rface' The plates were CC)r‘EI_G. 7. Comparison of computed and experimental two-layer signals for the
pressed for a period of 24 h, while the epoxy hardened fullycase of steel atop aluminum. The computed signals were obtained by con-
The thickness of the resulting epoxy bond layer may be mearolving the output of the model with the pencil-lead-break source function.
sured from the difference of individual plate thickness from The source-detector spacing is 20 mm.

the bonded plate structure thickness. These thicknesses were i
measured with a set of calipers at several locations. No dif-  1he model defines altogether 70 rays that propagate be-

ference in the values was found, so the actual bond laydWeen the detector and the source within the time range pre-

must on average be less than 0.05 mm, which is the precisictnted in Fig. 7. Note that there may be several different
provided by the calipers. combinations of rays arriving at the detector at the same

In order to assess the bond condition at the interfacdime. To illustrate the effect of the bonded second layer, the
between the plates, an ultrasonic C-scan image of the intetheoretical prediction for the two-layer model and that for the
face was generated. The C-scan apparatus consists of a sté19le top platestee) are presented together in Fig. 8 for a
per motor controller, a pulse generator, a focused immersioRCurce—receiver spacing of 20 mm. In order to clearly show
transducer(10 MHz, 13 mm diameter with 25-mm focal the individual wave arrivals, the computed results in Fig. 8
length, a signal amplifier and a computer. The data collec-2SSUMe the ideal step function input source. The horizontal
tion was performed using a commercially available system. axis is the time in microseconds and the vertical axis is the
The data were collected in the pulse echo configuration, wittfomputed displacement in mm. The solid line represents the
the transducer and the specimen placed in a water bath. gjjsplacement for the two-layer case and the dashed line for
analyzing the obtained C-scan image, sizable regions of col® Single plate case. We can see that the two curves are

tinuous good bonding were fourtfl Experiments were per- similar but not identical. The difference is due to the exis-
formed over these well-bonded regions. tence of the acoustically softer second layer, the aluminum

In the experiments, a 0.3-mm, 2H pencil-lead-break wad!até, which contributes some additional reflections to the

Normalized displacement

used to generate the waves and the displacement transdu&gnal- _ _

was used to receive the waves. The same-side configuration 1© See in more detail how the second layer affects the

was used with varying source—receiver spacing. displacements, Fig. 8 is replotted to show the individual ar-
rivals of waves that travel through the second layer in Fig. 9.

We note that in the time range of 9-1, there are three
A. Experimental results: Stainless steel atop obvious arrivgls.in the _steel atop aluminum configuration
aluminum that do not exist in the single steel pldtearked as 1, 2, and
_ _ 3in Fig. 9. By checking the wave ray arrival times provided
 The case of the stainless steel plate atop aluminum plaigy the model, one can determine that point 1 corresponds to
is con5|dere(_j first. Th(_a experimental regults show goog,e L,L,L,LLL, andL,L,L,L,L,L, wave arrivals(arrival
agreement with those given by the theoretical model. As agme is 9.178us). The travel path of the,L, L, L L L, ray is

example, the theoretical and experimental results are showg5¢ 4 longitudinal wave emanating from the source, trans-
in Fig. 7 for a source—receiver spacing of 20 mm. The com-

puted prediction in Fig. 7 uses the pencil-lead-break source
function from aluminum described in the previous section.
Since the source lead break functions from aluminum and
steel are nearly identical, only one source functi@mom
aluminum is used in the subsequent computations. In Fig. 7
the horizontal axis is the actual time in microseconds, where
the signals are shifted to align with the respective Rayleigh
wave arrivals. The vertical axis is the displacement normal- : |
ized with respect to the point gs after the Rayleigh wave Afs A — —
arrival. The solid line shows the experimental results while | :
the dashed line shows the computed results. The theoretical 15 s - 15
and experimental results agree closely, as shown from this Time(psec)

figure. Thus th_e model giV_es good resylts for the two-layer g, g Comparison of the computed results for the case of steel atop alu-
case when stainless steel is atop aluminum. minum (two-layer platé with that of the single steel plate.

x10°

(.
*4 Single steel plate

Displacement{mm)
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FIG. 10. Comparison of computed and experimental two-layer signals for

FIG. 9. Re-plot of Fig. 8 in the time range s to 10us. the case of aluminum atop steel. The computed signals were obtained by
convolving the output of the model with the pencil-lead-break source func-
tion. The source-detector spacing is 10 mm.

mitted into the second layer as a longitudinal wave, reflected
as a longitudinal wave, transmitted into the top layer and

reflected at the top surface, reflected again at the interfacv(\a/avlheroef;egtsiogfbtgr?a\t/)icc)) rr]chi chgggnl?g(; toltlhethoevi(r)e:!_
between the first and the second layer and received by the bropag 9- 1L,

receiver as a longitudinal wave. The travel path Ofparison of the theoretical predictions for the single aluminum
L.L,L,LyLyL, is similarly defined, where the subscript I in- plate when the source—receiver distance is 10 mm and that of
the aluminum atop steel two-layer structure. For clarity, both

dicates propagation in the top layer and subscript Il the sec- . S : ST
ond layer. Point 2 coincides with the arrival of the theoretical predictions assume an ideal step function input

L,L,L,L,L,L, wave (arrival time is 9.35us), and point 3 zgg(r)%%sma;h; I;]%ureérihczr (;rlionsta(l::rﬂs Ifetged'tlsm;gm;:?fn
the coincidental arrivals of the ,L,T,T,, L,T,L,T,, vert XIS | pu 'SP !

T,L,TyL,, and T,T,L,L, rays (arrival time of 9.58 us), mm. The solid line represents the two-layer aluminum atop

where T represents transverse waves. These wave paiffiainiess sieel structure and the dashed fine the single alumi-
travel through the second layer, but waves that propagate piate. y ' y

only in the first layer are also affected owing to the change of"9 the.significant coptribution from an acoustically st'iffer
the reflection coefficients between the top layer and the Secqnde'rlymg Iayer.. UnI|ke' th.e. case .Of steel atop aluminum
nsidered previously, significant differences are seen when

. C
ond layer. Nevertheless, the responses are very similar a . ! .
: y P Y q e theoretically predicted responses of the single steel plate
differences between the two cases are not readily seen when . .
. . and aluminum atop steel cases are directly compared.
the convolved theoretical or experimental responses are di-

rectly compared. Thus the acoustically softer second layer

has a small, and possibly insignificant from a practical point o o SPAC s
of view, effect on the response within the considered timg V- TWO-LAYER-ON-A-HALF-SPACE EXPERIMENT

range. The full capacity of the model is verified by experiments
on a two-layer-on-a-half-space specimen. A thick acrylic

B. Experimental results: Aluminum atop stainless resin plate was used to simulate the half-space. The acrylic

steel plate can be considered to be a half-space if the time required

Experimental data from the two-layer case when the alul‘or a longitudinal wave to Fravgl across the thickness of the
minum plate is atop the stainless steel plate are consider F!;\te and pack after reflgctlon 's more than the total sampling
. e. In this case, the time for dnrwave to travel through
now. The obtained results show that the agreement between
the experimental and theoretical results is not as good as that
for the case of steel atop aluminum. Nevertheless, the agree-
ment between theory and experiment is still reasonably good.
Figure 10 shows the comparison between the theoretical pre-
diction using the pencil-lead-break source function and the
experimental result.

In Fig. 10, the horizontal axis is the time in microsec-
onds, the vertical axis is the displacement normalized with
respect to the point 4.;xs after the Rayleigh wave arrival.
The solid line shows the experimental data and the dashed | |
line shows the computed results. The experimental results S S —
are shifted with respect to the theoretical results so that the :
peaks corresponding to the Rayleigh wave arrivals align with 0 5 10 15
each other. Since the agreement between the experimental Time(psec)

and_theoretical results is reasonably good, the model appeaggs. 11. Comparison of the theoretical prediction for aluminum atop steel
to give good results for the two-layer case. (two-layey with that for the single aluminum plate.

Aluminum above steel

Displacement(mm)
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FIG. 12. Comparison between the computed predictmencil-lead-break Time(usec)

ﬁo:;rce functionand eﬁ)‘erlmentally obtained signal l‘_orltge two-layer-on-a- gy 13, Comparison between the computed displacement for the stainless
ali-space structure. The source—receiver spacing is 10 mm. steel, aluminum and acrylic resin two-layer-on-a-half-space structure and
the corresponding displacement for the two-layer structure of stainless steel

the plane thickness and back is 673 while the maximum atop aluminu_m. Source-receiver_ spacirlg is 10 mrrj. The vertical axis is cut
- . - . . so that the displacement range-igtx 10”7 to 6X 107 mm.

sampling time is 2Qus. Thus the acrylic plane does indeed

act as a half-space for these experiments.

The two-layer structure used in the previous experi-pass along the interface with the half-space. This is because
ments, plate A2 bonded to plate S2, was bonded to théhe longitudinal wave velocity of the acrylic resin is less than
acrylic resin plate using the high-strength epoxy. The twothe transverse velocity of the stainless steel plate, and that
layer on a half-space structure is stainless steel on top, algondition precludes the existence of head waVes.
minum in the middle, and acrylic resin as the half-space. Al To see the contribution of the half-space to the transient
bond thicknesses were less than 0.05 mm. motion, the computed displacement data for the two-layer-

The conditions of the bonds were evaluated with an ul-On-a-half-space structure and the data obtained for the two-
trasonic pulse echo C-scan test, similar to that done earliefayer structure of the steel atop aluminum are presented in
To obtain improved imaging of the aluminum-acrylic inter- Fig. 13. In this figure, the solid line is the computed predic-
face the structure was ultrasonically insonified through thdion for the two-layer-on-a-half-space structure and the
acrylic resin, wherein a 2.25-MHz, 13-mm diameter focussedlashed line that for the two-layer structure without the half-
transducer was used, with a focal length of 37 mm. Thisspace. The vertical axis is modified so that the displayed
lower frequency allows the ultrasound to pass through thélisplacement range is betweer 4)x 10~ " and 6x10°’
thick and attenuating acrylic resin plate. Inspection of themm. We can see that there is no difference between the two
C-scan images for the interfaces between the stainless stg@sults until about Gus. By checking the ray arrival time, it
and aluminum and that between the aluminum and thés determined that this time corresponds to the arrival of the
acrylic resin indicates a common region of good bonding forkiL; L L, wave. This wave is the first wave reflected by the
both interfaces® Subsequent experiments were performedinterface between the second layer and the half-space, and
over this region. The 2H pencil-lead-break source was apthus the first ray affected by the acrylic resin half-space.
plied to the surface of the top stainless steel plate. The disSimilar results are obtained for other source—receiver spac-
placement transducer was placed on the same surface of tis.
plate, separated by a certain distance from the source.

I_n all cases, the experimental res_;ults are similar to thosg,_ SUMMARY
predicted by the model. The experimental results and the
associated computed prediction are shown in Fig. 12 for a  After a brief introduction to a new model for wave
source—receiver spacing of 10 mm. The solid line is the expropagation in layered structures, experimental results from
perimental measurement and the dashed line the computedsingle plate were reported. Measurements were made with
prediction using the obtained pencil-lead-break source funcseveral wave sources and sensors. The source function for a
tion. Both the theoretical and the experimental results haveencil-lead-break wave source was obtained and conclusions
been normalized with respect to the displacemeps@fter concerning the performance of each sensor were presented.
the Rayleigh wave arrival. The experimental results areExperiments were then performed on a two-layer plate speci-
shifted with respect to the theoretical results so that the peaksen, where the cases of stainless steel atop aluminum and
corresponding to the Rayleigh wave arrivals align with eachaluminum atop stainless steel were investigated. The experi-
other. From Fig. 12 we can see that the theoretical and exnental results showed good agreement with that predicted by
perimental results are in excellent agreement, thus verifyinghe model for the case of steel atop the aluminum. In the case
the accuracy of the model. of aluminum atop the steel, the agreement between theory

The model indicates that 23 distinct wave ray arrivalsand experiment was reasonable but not as good. Measure-
contribute to the displayed signal, including one head wavenents were also carried out on a two-layers-on-a-half-space
(T\L,T,) and ten rays that involve body waves reflectingstructure, consisting of a stainless steel plate as the top layer,
from the aluminum-acrylic interface. However, the ampli- an aluminum plate as the second layer, and an acrylic resin
tude of the other wave arrivals are dwarfed by that of theblock as the half-space. A region of good bonding between
Rayleigh wave. Interestingly, there are no head waves thaill interfaces was determined from ultrasonic C-scan tests.
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The objective of this study is to establish the effectiveness of four different time-frequency
representation§ TFR9—the reassigned spectrogram, the reassigned scalogram, the smoothed
Wigner—Ville distribution, and the Hilbert spectrum—by comparing their ability to resolve the
dispersion relationships for Lamb waves generated and detected with optical techniques. This paper
illustrates the utility of using TFRs to quantitatively resolve changes in the frequency content of
these nonstationary signals, as a function of time. While each technique has certain strengths and
weaknesses, the reassigned spectrogram appears to be the best choice to characterize multimode
Lamb waves. ©2001 Acoustical Society of AmericdDOI: 10.1121/1.1357813

PACS numbers: 43.20.Mv, 43.35.CDEC]

I. INTRODUCTION mode(thea, up to 3.5 MH2 using the wavelet transform of
laser-generated and -detected Lamb waves. Holktral ®

There have been significant advances in the field of sig- . . . T
nal processing since the development of the fast Fourie'i’S(ad a reassigned, smoothed Wigner—Ville distribution to

transform(FFT) in the mid 1960’s. Current research is pri- examine synthetic waves in a 107-mm—thick steel plate with
marily concentrated on applications for microelectronics anae_xcellent results. Nlethamm@t al. shqvv_ed that_ the reas-
telecommunications, although most signal-processing techs—'gned spectrogram s capable_ of d|st|ngu|sh|.ng multiple,
nigues are general enough in nature to have potential appl?—IOSer spaced Lamb modes in the ultrasonic frequency
cations in a variety of fields. Recent work in the area of 2Nge- 4 . o
time-frequency representatiofi§FR9 such as the spectro- The cur_rent study extendsy evaluatlr_lg the suitability
gram, the scalogram, the Wigner—Ville distribution, and theof the reassigned spectrogram, the reassigned scalogram, the

Hilbert spectrum shows great promise for applications insmoothed Wigner—Ville distribution, and the Hilbert spec-

nondestructive evaluation. Of particular interémtd impor- :ir;rg_;%;)girscsti t?]ildliﬁirzgg;lij\:;/eosf (t);iz pl:i?g?;;?g&
tance is the use of TFRs to interpret ultrasonic guidedl.sh the robustr?ess.of this cJoIIection of TF??SI,)b comparin
waves. This class of ultrasonic signals can be extremel y paring

complicated, exhibiting dispersion and containing multiple heir ability to resolve the d|sper3|pn relgt|onsh|ps_for Lamb
modes. waves generated and detected with optical techniglaser

This paper compares the effectiveness of four candidatgd®""® and interferometric deteqtor
TFRs to characterize Lamb waves—qguided ultrasonic waves
that propagate in plates. Lamb waves have received extefl: BRIEF REVIEW OF TFRs
sive attention since the study by MindfinRecent experi- A transient time-domain signal, together with its Fourier
mental work has shown that it is possible to obtain a plate’sransformed spectrum, does not provide enough information
dispersion relationship by using the two-dimensional Fouriefor applications that require an understanding of how a sig-
transform (2D-FT) to operate on multiple, equally spaced nal’s frequency changess a function of timeNote that the
waveforms’® Unfortunately, the need for exact, spatially Fourier transform is essentially limited to stationary
sampled data restricts the practicality of the 2D-FT for somesignals—signals that have the same frequency content for all
inspection applications. In contrast, TFRs require only aimes. In contrast, nonstationary signals require signal-
single signal. Recently, Prosset al* used the smoothed processing methods that can quantitatively resolve changes
Wigner—Ville distribution to determine the Lamb modes of in frequency content, as a function of time. A large number
numerically simulated waveforms in an aluminum plate.of TFRs have been developed to analyze nonstationary sig-
They also consider real experimental data for a composit@als, many of which are subsumed in the general framework
plate and identify the, and thea, Lamb modes for frequen- of Cohen'’s clas§.
cies below 500 kHz. Hayasht al® determined the thickness This section provides a brief review of TFRs to furnish a
and the elastic properties of thin metallic foithickness of ~ common foundation and assist in understanding why certain
less than 4Qum) by calculating the group velocity of a single TFRs are more effective in this application—it is not in-
tended to be a comprehensive review, and references that
Author to whom correspondence should be addressed. Electronic maifONtain technical details and mathematical derivations are
laurence.jacobs@ce.gatech.edu provided for an interested reader.
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The short-time Fourier transfort8TFT) divides a time-  this property means that the WVD is real, but not necessarily
domain signal into a series of small overlapping pieces; eachositive[the only signal class that leads to a strictly positive
of these pieces is windowed and then individually FourienyvD is S(t):(a/w)1/4e*(1/2)at2+(1/2)i,6t2+iwot], and that it

transformed. The STFT of a functiors(t) is defined as suffers from signal interference. For example, the WVD can
1 = perfectly resolve a single chirp, but a signal consisting of two
Si(w,t)= z—f e '’s(r)h(7—t)dr, (1) chirps will be decomposed into the two chirps themselves
mJ e plus an additional interference term
whereh(t) is a window function. The energy density spec- To avoid this interference, the WVD is often replaced by

trum of an STFT is defined a&;(w,t)=|S;(w,t)|? and the smoothed WVD
called a spectrogram. -

Instead of a fixed window function, the wavelet trans- Sy(t,f )=f j G(t—t',f—f")Sy(2=f’,t")dt’ df’,
form (WT) uses time-frequency atoms or wavelets. The WT -

of a functions(t) is given by 5
1 (e t—b which filters the original WVD of Eq.(4) with a two-
Sz(a,b)z—f s(t):j;(—) dt, (2)  dimensional filter, G2 An unfortunate side effect of this
Va)-= a smoothing is the introduction of time-frequency smearing

wherea is the scale, ant the time-shift variabléa andb are Wh'Ch null|f|es the WVD. S property of exact Ioca_\llzat_mn of
sines and impulses. This study uses the Gaussian filter

also known as the dilation and the translation parameters,
respectively. A smalla corresponds to a high frequency and
vice versda dilates the mother wavelgt(t), while b simply G(t,f)=\/— e (e -4n(i%p)
shifts the wavelet with respect to time without altering the
frequency contert The energy density function of a WT is The value of thex term in Eq.(6) controls both the posi-
defined asE,(a,b) =[S,(a,b)|? and is called a scalogram. ivity («3=1 guarantees positivityand signal localization

~ Wavelets are derived from a mother wavelgt) by  of the resulting smoothed WVD. While the choice ef8
dilation and translation. This study uses the Gabor wavelet= 1 ;|| guarantee positivity, the resulting distribution be-

(6)

1 comes a spectrogram and no longer possesses the WVD’s
P(t)= 7=\ /@e— 1/2(w0t/“/)2+iwot7 (3)  advantages of signal localizatiohAs a result, it is critical to
Var Y use a filter witha <1 in applications where superior signal

which provides an excellent compromise between time an(l)ocallzatlon(compared (0 the spectrograuis desired.

. o . The final TFR considered in this study is based on the
frequency resolution, because it is based on a Gaussian en-_ . . I ;
velope (which guarantees the best possible time-frequencempmcaI mode decompositiofEMD), that is used to gen-
%rate a set of intrinsic mode functiondMFs). Huang

resolution.®'°Note that the variable controls the sharpness : . : :
r) v P et al*®propose a method with which a complicated time-

of the Gaussian envelope in the time domain. L . : -
. . . domain signal is decomposed into a finite number of IMFs
Since the WT decomposes a signal into wavelet compo-,

nents(and not into sine components like the Fourier trans—that admit well-behaved Hilbert transforms. By using the

. . Hilbert transform, the IMFs produce instantaneous frequen-
form), there is not a direct map from wavelet scade,to . . . . L
. : ciesas functions of timethat enable the identification of a
frequency,w. It is possible, however, to compute the WT of ~. ; . .
! . : signal’'s embedded structuréts mode$. The resulting
a sine, and then calculate the relationship between scale an : ST )
- . energy-time-frequency distribution is called the Hilbert spec-
frequency by determining the val@efor which a scalogram .
) . ; . . trum, and is comparable to the spectrogram, scalogram, or
reaches its maximurm. Finally, if broadband signalésuch . L .
; WVD. This decomposition(the IMF9 is based on local
as laser-generated Lamb wayese analyzed with the WT, . . . e .
. . . roperties of the signal itself, and not an artificial “external
the higher frequencies tend to have lower energies. As : - : !
L I unction, so the instantaneous frequencies &deally)
result, it is advantageous to amplify high-frequency compo-

L . . hysically meaningful.
nents by multiplying the WT with (1/a)'2—this research " L . o _
uses the 1/a scaled Gabor WT. The decomposition of a signa$(t), into its IMFs is

While the STFT is the Fourier transform of small, over- gccompllshed W.'th a "sifting Process that_u_ses the .s_lgnal
. : . . . . itself as the basis for the decomposition. Sifting empirically
lapping, windowed pieces of a time sigrst), the Wigner—

Ville distribution (WVD) is the Fourier transform with re- fheaﬂtz:\fcl:?:rigt‘ii jlr?]ga\lc,za:gtsrm;cd c;ﬁcélrllla;c;ré/orr:ogse;s t;%etr:ialrnal
spect tor of s(t+[7/2])s* (t—[7/2]) [wheres*(t) is the : P 9

. accordingly. The sifting process starts by first determining
complex conjugate o(t)], o’ the maxima and minima dd(t), and then connecting these
o maxima and minima with cubic splinéspline envelopesin
S*(t— 5) e '“Tdr. (4)  order to avoid(possibl¢ erroneous behavior, such as wide
swings of the spline envelopes at the signal’s endpdbtgh
As a result, the WVD is a measure of the signal’'s localthe right and left boundarigs “artificial boundary condi-
time-frequency energy. An advantage of the WVD is that ittions” must be introduced. Huanet al**° propose the ad-
can exactly localize sines or Dirac impulses; this is not thelition of characteristic waves at both ends of the signal. The
case for the spectrogram and the scalogram. Unfortunatelgijfting procesgin brief) calculates the mean value(t), of

sg(w,t)sz s(t+%

—o0
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a point on the maxima and minima spline envelopes angbossible to analyze an EMD’s time-frequency resolution in
subtracts it from the original signad(t), to obtain the first as rigorous a fashion as for the spectrogram, scalogram or
IMF candidate, oth;(t)=s(t)—m(t).1%*®If h, is an IMF  WVD.

(hq is an IMF if the number of extrema and the number of It is possible to improve the time-frequency resolution
zero crossings differs by at most 1, and if the mean value 0bf a TFR with the reassignment methbldthe reassignment

h; defined by its spline envelope is zgrdt is added to the method improves the time-frequency resolution of a TFR by
list of calculated IMFs. If it is not, this step is repeated kor concentrating its energy at a center of gravity. Auger and
siftings—with h;,hy,,...,h;, leading(afterk siftings) to the  Flandrin® provide a computationally efficient way to com-
IMF, hy(t) =hy g 1)(t) —my(t). Once it meets the IMF pute the reassigned values for the spectrogram and the scalo-
definition, hy is subtracted from the original signal, produc- gram, first proposed in Ref. 17. For example, calculating the
ing the residue 1(t) =s(t) —hq,(t). The complete process is reassigned spectrogram amounts to the calculation of the re-
then repeated with, replacing the original signal to calcu- assigned coordinates,@) for each time-frequency pait,

late the next IMF. The search for IMFs is stopped when a) in the original spectrogram, where
predetermined number of IMFs are calculated, or whgn [
becomes monotonic—see the next section for a demonstra- . (Slm(x*t-w)‘slh(x,t,m)

tion of the sifting process. - IS, (x,t,0)|? ®
Having decomposed the signg(t) into n IMF compo- "

nents and a residue,, take the Hilbert transform of every and

IMF component, and add th@espective Hilbert transform P —

t - : Sl (X,t,(,())'Sl (x,t,w)

o every IMF to produce an analytic signal,(t). Next, o= Dh h2 )

determine the phase by Sy, (X,t,0)]

Si,v S1pp and Sy, are the short-time Fourier transforms
(7)  with window functionsh(t), t-h(t), and[dh(t)/dt], respec-

Zsa(t))
' tively. The reassigned spectrogram is then given by

q&(t):arctar( Rsa(D)

and phase unwrapping. The instantanedasgulaj fre- rogry— ij J r_3
quencyw is computed by differentiating the phage with Ei (0" t)=52 Byl )t~ t(t,0)
respect to time. The Hilbert spectrum is then defined as the ;oA
representation of the calculated amplitudes of the analytic +Ole"~6(tw))dt do, (10
signals of the IMFs, as a function of time and instantaneousvhere §(t) is the Dirac impulse, and the integration is per-
frequency—a time-frequency representatiors(). formed over the range of alland w. In summary, the reas-

TFRs suffer from the Heisenberg uncertainty principle,signed spectrogram requires the calculation of three short-
making it impossible tsimultaneoushhave perfect resolu- time Fourier transforms(with three different window
tion in both time and frequency. The time-frequency resolufunctiong. These transforms are then used to move each
tion of a spectrogram depends only on the window size andtalue of the spectrogrant(w,t) [at (t,w)] to its reas-
type and is independent of frequendyA wide window  signed coordinatesf (@), calculated with Eqs(8) and (9).
gives better frequency resolution, but worsens the time rescsinally, Eq. (10) is used to sum up values assigned to the
lution, whereas a narrow window improves time resolutionggme {,&) bin. Note that the reassignment method is not
but worsens frequency resolution. In contrast, the scalografsstricted to a specific TFR, but can be applied to any time-
tiles the time-frequency plane in an irregular fashion, resultfrequency shift invariant distribution of Cohen’s cldsghe

ing in a frequency-dependent time-frequency resolution. pyjpert spectrum, however, does not meet this requirement.
The WT of small frequency values provides good frequency

resolution, but the time resolution is bad. On the other hand,
the WT of large frequency values provides poor frequenc
resolution, but the time resolution is good. The WVD auto-
matically satisfies the uncertainty principle of a sigas Broad-bandwidth Lamb waves are generated with a
seen in the perfect localization of impulses and sinbat  Nd:YAG laser (4—6-ns pulsg and measured with a high-
interference terms appear in multicomponent sighdls. fidelity (resonance-fredaser interferometer over a wide fre-
Smoothing the WVD with a Gaussian filter removes the in-quency rang€200 kHz to 10 MH2.2 Figure 1 shows #ran-
terference terms, but changes the uncertainty of the resultingieny time-domain signal with a propagation distance of 11
TFR—its uncertainty is quantified by the standard deviationgm measured in a 0.93-mm aluminum plate. The Nd:YAG
(time and frequengyof the Gaussian filter, noting that the laser fires at=0 and generates a Lamb wave at the source
smoothed WVD becomes spectrogram-like with a Gaussiatocation. (Note that the electromagnetic discharge of the
filter that guarantees positivityaef8=1). In contrast, the Nd:YAG's firing causes a spurious noise spikeg&t0.) The
time-frequency accuracy of the Hilbert spectrum is depensignal in Fig. 1 is discretized with a sampling frequency of
dent on the accuracy of the EMD—if the decomposition into100 MHz, low-pass filtered at 10 MHz, and represents an
IMFs does not capture the signal’s real behavior, the resultaverage of 100 Nd:YAG shots to increase the signal-to-noise
ing Hilbert spectrum will not give precise time-frequency ratio (SNR). It is important to note that the broad bandwidth,
results. Since the EMD is an empirical method, it is nothigh fidelity, and high SNRdue to signal averagingf this

Il. APPLICATION OF TFRs TO LASER-
GENERATED/DETECTED LAMB WAVES
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FIG. 1. Time-domain signal—multimode Lamb wave.

time-domain signal are crucial properties, making it an ideal
signal to compare the effectiveness of the four candidate By 1 2 3 4 5 6 7 8 9 10
TFRs. frequency [MHz]

Assessment of the accuracy of the dispersion curves ob- ' ' _
tained with the candidate TFRs requires analytical results Oiﬁtiih (E;?cﬁiﬁgged scalogram of multimode Lamb wave, plus analytical
the Rayleigh—Lamb frequency spectrdnSolution of the ’

Rayleigh—Lamb spectrum provides dispersion curves in th ) i
frequency-wave-numbéf, k) domain, whereas a TEFR maps f)roken lines above 5@s are most likely caused by reflec-
a time-domain signal into the time-frequency domain. Thellons from the Elates rt])oundarles. ¢ ianed |
group velocities for each of the different modes are deter- Flgfurrt]a 3s OWS t 3 squgre'rootl ora rTas|S|grée .shca 0
mined by numerically differentiatindg with respect tok to gram of the same time-domain sigri&lg. 1) calculated wit

obtain the analytical dispersion curves in the time-frequency? Gab_or \{vavelet. Although the time resolution at high fre-
domaint® guencies is very good, there is not enough frequency resolu-

Since Niethammeet al” provide details on characteriz- tion to separate the different modes at the high frequencies

ing Lamb waves with the reassigned spectrogram, this pap £ ab9ve 2 MHg The reassigned scalogr_am Is effective
briefly presents the results from this TFR, and only for com-" re?olvmg theay Imod_e up toh 10 MI—:]z—an |mportatr)1t fef?-
parison purposes. Figure 2 shows a contour plot of the squafd'® for some applications. The WT has proven to be effec-

root of the reassigned spectrogréB84-point Hanning win- tive in many diverse applicatior‘(su.ch as the detection pf
dow) of the time-domain signal in Fig. 1, together with the radar chirpg but a common theme in most of these applica-

analytically obtained dispersion curves as solid lifelb of tions is the need for good time resolution at high.frequ.encies,
the subsequent TFR plots include these analytical ciurves?"d 900d frequency resolution at low frequencies. Figure 3
The reassigned spectrogram provides a crisp definition of th(élearly shows th_at this a_\ttnbute of the WT is not advanta-
individual modes, and these experimental modes are locafi®oUs for resolving multiple, broadband Lamb modes. Note

ized to the analytical curves. There is excellent definition of "t an additional portion of this reseattexamines the
seven modess,—s, andao—as) through a wide frequency Mexican-hat WT and shows its reassigned scalogram has

range(up to 10 MH2. Note a generaland significantad- ~ €Ve" less resolution than the Gabor WT—the poor resolution
vantage of TFRs in interpreting multimode Lamb Waves—in Fig. 3 is not QUe to_improper selection of a mother wave-
they enable the clear identification of the arrival time of thel®l: Put instead is an inherent property of the WT.

different modesge.g.,sy at 21 us oray at 35us). Finally, the The WVD apd the smoothed. W\_/D of the same time-
domain signal(Fig. 1) are shown in Figs. 4 and 5, respec-

tively. The results are stored in a 60800 matrix, where

60 e columns correspond to a specific time and rows to a specific
55 frequency(the frequency axis is equally spaced between 0
LS and 10 MHz, and the time axis has Qu&- discretization
50 steps. The WVD of Fig. 4 is smoothed with a X121
45k Gaussian filtewhich smoothes over a domain of 350 kHz
e ' X 2.1u9) to create the smoothed WVD of Fig. 5. The selec-
= tion of this particular filter size is based on “visual” com-
sy parisons, and note that it hag3<1, so the resulting distri-
30+ bution is not positivethe negative values are set to zero in
- Fig. 5, but it provides good signal localization. Figure 4
N shows that the WVD does a fairly good job in resolving the
207 1 ao and thes, modes(they are both very localizedver a
15 I SN S SR SN R large frequency rangeag through the entire 10 MHz, and
o 1 2 3 4 5 6 7 8 9 10 sy between 3 and 10 MHz. Unfortunately, all the other

fi MH : L
requency [MFz] modes are obscured by interference terms and are not visible.

FIG. 2. Reassigned spectrogram of multimode Lamb wave, plus analytical € smoothed V'VVP.Of Fig. 5 prOViqes a very good repre-
solution (solid lines. sentation of the individual modes, with tlsg anday modes
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FIG. 4. Wigner—Ville distribution of multimode Lamb wave, plus analytical « 107
solution (solid lines. 4 T T T
o ) ) 3.5
clearly visible through the entire frequency bandwitth10
MHz), thea; mode appears from 2 to 5 MHz, and traces of 3

thes;, s,, anda, modes are evident. There is a general lack
of time-frequency resolutioftlarity) in the smoothed WVD.
For example, it is difficult to positively identify the indi-
vidual modes for frequencies above 5 MHz and times greater

I
[
T

amplitude
(a3

than 50 us. The dispersion curves developed with the 15

smoothed WVD(Fig. 5) render a mode resolution of about

the same quality as the un-reassigned spectrodais.im- 1

portant to note that it is possible to use a reassignment algo-

rithm on the smoothed WVD' (the smoothed WVD of Fig. 08 ™ e 30 35 40 45 50 55 60
5 hasnot been reassignedbut unlike the reassigned spec- (b) t [us]

trogram and scalogram, the reassignment calculations for ”]SG. 6. (a) First four intrinsic mode functionsfirst to fourth from top to

;moothed WVQ are computatigqally intgnsi()fé;st requir- bottom) of multimode Lamb wave(b) Fifth through seventh intrinsic mode
ing the smoothing proceduredifficult to implement, and functions(from top to botton of multimode Lamb wave.

time consumingcomputationally.

The first step for the Hilbert spectrum is to decompose(l00 KHz or less to be of importance for this application.

the time-domain signal of Fig. 1 signal into IMFs. Figure 6 giq, re 7 shows a contour plot of the Hilbert spectrum com-
shows the first seven IMFs, noting that the sifting process '?)Uted from these IMFs, and it is far from being a “clean”

stopped when a monotonic IMfthe 10th occurs._Figure 6” representation of the dispersion curves of this signal. Only
shows that basically only the first 5 IMFs contain “useful” yhe 5 “mode is definitively present—a large number of points
information, since IMFs above 5 are too low in frequencyare clustered around tsg mode between 3 and 5 MHz, but

60

0}' \,l-\j Vo
‘ 2y ﬁ)‘)‘ r

=7y IS

0 2 -+ 6 8 10 0 1 2 3 4 5 6 7 8 9 10
frequency [MHz] frequency [MHz]

FIG. 5. Smoothed Wigner—Ville distribution of multimode Lamb wave, FIG. 7. Hilbert spectrum of multimode Lamb wave, plus analytical solution
plus analytical solutiorgsolid lines. (solid lineg.
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FIG. 8. (a) Hilbert spectra of first IMF, plus analytical solutigsolid line9. (b) Hilbert spectra of second IMF, plus analytical solutigolid lines. (c) Hilbert
spectra of third IMF, plus analytical solutidsolid lines. (d) Hilbert spectra of fourth IMF, plus analytical solutigsolid lines.

this mode is not clearly defined. In order to interpret thestantaneous frequency for an IMF for any titnés a result,
Hilbert spectrum of Fig. 7, Fig. 8 shows the instantaneoughe EMD and Hilbert spectrum cannot resolve the multimode
frequencies of the first four IMFs. By analyzing the Hilbert dispersion curves for this plate.

spectra of each IMF, it is possible to determine exactly  An inherent problem associated with all window-based
which IMFs contribute to exactly which features in the Hil- TFRs(and thus their respective reassigned representaii®ns
bert spectrum. For example, IMF 1 contains most ofdhe the “ladder-like” effect that occurs when the distance be-
and thesy modes between 4 and 10 MZig. 8a)], but fails  tween two mode lines is less than the uncertainty of their
to localize its energy exactly on either mode—the first IMFrepresentations. These mode lines will then interfere with
scatters its energy around bah andsy. Also note the high each other, resulting in a smeared representation—this be-
level of noise present in IMF 1. IMF 2 contributes to the havior is particularly evident when mode lines intersect each
frequency band from 2 to 6 MHEFig. 8b)]; except for a  other(e.g., the intersection of th®, ay, anda; modes at 2
very small part of thea;, mode at approximately 3 MHz, MHz in Figs. 2—5. Image-processing methodologies that
there is not an obvious correlation between the analyticalake the specific mode structure into account are a possible
modes and the resulting Hilbert spectrum. IMF 3 is quiteremedy for this smearing. Note that the comparison between
effective in representing tha, mode from 1 to 3 MH4Fig.  these TFRs is generic enough to be extended to any plate
8(c)], but it fails to represent the other modes in the samehickness and material. As an example of the general nature
frequency range. IMF 4 constitutes thg mode from 35 to  of these results, the reassigned spectrogram has been used to
45 us [Fig. 8(d)]. It appears that each IMF specializes in asuccessfully resolve the dispersion relationships for multi-
certain frequency range for these laser-generated/detecteabde circumferential waves in a cylind€r.

Lamb waves. This approach works fine for frequency ranges

where there are only a few modes present, but it clearly faildV- CONCLUSION

for frequency ranges that contain multiple modes. This fail-  This paper establishes the effectiveness of four candi-
ure for multiple modes occurs because there is only one indate TFRs to analyze broadband, multimode ultrasonic
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Exact solutions for transient spherical radiation
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Closed-form, analytic solutions are derived for exterior wave fields generated by the transient,
axisymmetric motion of a spherical boundary. These are intended for use as benchmark problems
for assessing the accuracy and correctness of transient numerical schemes. Classical Laplace
transform methods are used. The derivation of these solutions is presented in sufficient detail to
permit their reconstruction by the reader for multipoles of ondarhere O<n<25. Composite
solutions can also be obtained by superposition. A novel solution of this type is presented for the
wave field generated by the transient motion of a spherical piston in a spherical baffle. The transient
wave fields obtained in this way are shown to be consistent with steady time-harmonic solutions for
large times, and with high-resolution transient numerical solutions at finite times20@
Acoustical Society of AmericalDOI: 10.1121/1.1365425

PACS numbers: 43.20.Px, 43.20.Th, 43.40.Rj, 43.3DAMN]

I. INTRODUCTION sure pulse has been formulated by Geers for use as a canoni-
cal problem for underwater shock cod&s® The analogous
The accuracy of numerical schemes for predicting unsurface solution for a rigid sphere has been treated by
bounded wave fields can be assessed most effectively by thuang® along with the response of an empty elastic spheri-
use of canonical test problems for which precise analytic otal shelf*??> and concentric shells with fluid in-betwe&h.
semi-analytic solutions are availaBleSuch solutions are Menton predicted the radiation from an elastic spherical shell
needed for example to validate the high-order nonreflectingxcited by internal sourc&sand Stepanishen has developed
boundary treatments which are frequently imposed at tha general solution for axisymmetric elastic shells using ei-
outer edge of domain-based finite elem¢RE) schemes. genvector expansiorfa:?®
These are characterized by their transparency to radiated or “Steady” time-harmonic solutions can be used to check
scattered multipole components of a given order. The locathe validity of numerical schemes at large times. The steady
boundary operators of Bayliss, Gunzberger, and Tarkale  harmonic solution for a piston in a spherical baffle has been
designed along these lines, as are nonlocal treatments suchued extensively for this purpo$e?® Such checks do not of
the FE-DtN approach? Infinite element formulatiorfdbased  course provide any assurance of the accuracy or correctness
on truncated versions of the “Atkinson/Wilcox/Holford” ex- of a transient solution at finite elapsed times.
pansion in spherical and spheroidal/ellipsoidal coordi- In the current article transient multipole solutions are
nate§1° can also be regarded in this way. formulated which are valid at all times and at all points in the
Steady, two- and three-dimensional, multipole solutionsregion exterior to a sphere. A classical Laplace transform
are readily available as benchmark problems for time-approach is used. Impulsive, stepwise and time-harmonic
harmonic numerical schemes. They arise naturally as sepaxcitation—starting from rest at time=0—are considered.
rable solutions of Helmholtz’ equation in cylindrical, ellipti- These solutions are presented in sufficient detail to permit
cal, spherical, and spheroidal coordinates, and can btheir reconstruction for multipoles of ordere[0,25]. Fi-
superimposed to generate more complex solutions both famally, a novel solution is presented for the sound field gen-
radiation and scatterint:*3 erated by the transient motion of a spherical piston in a rigid
Fewer benchmark problems are available for transienspherical baffle. This is constructed by superposition of mul-
computation. D’Alembert’s solution for a pulsating spheretipole components and forms a transient analogue of the
excited from rest has been used for this purpose, as has tlséeeady harmonic test problem used to check transient com-
analogous transient dipole or “juddering” sph&té®and the  putations at large time<:?® For all of the exact solutions
transient sound field generated by a piston in a plang@resented here, close agreement is demonstrated both with
baffle1%1 A transient quadrupole solution—obtained from a steady time harmonic solutions at large times and with accu-
fast Fourier transform of the time harmonic solution—hasrate high-order numerical schemes at finite elapsed times.
also been uset.
A number of elastic-acoustic problems permit an exact
solution on the surface of the scatterer. The coupled surfacg THE TRANSIENT EXTERIOR PROBLEM
response of a fluid-filled spherical elastic shell to a step pres-
Figure Xa) shows the geometry of the problem to be
dpresent address: The Institute of Sound and Vibration Research, Univers'conSIdered' Ler’ be a three-dimensional region of unlimited

it . . :
of Southampton, Southampton SO17 1BJ, United Kingdom. Electronicg)(t.ent W'th an 'nte.mal pounda@ The unit normal onS
mail: rja@isvr.soton.ac.uk acting into the regior” is denoted byn. Let u(x,t) and
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r . azun+2 dup, Ly 1 %,
/>< ar e "D ETE e
[
s z for r=R, t=0, (7
\JS{FR) where

) n Ju
() — =—pay(t) for t=0. @®
A P

FIG. 1. Problem geometrya) General.(b) Spherical.
The initial conditions are

a(x,t) denote the unknown acoustical pressurd’iand the un(r,t)=0 and un(r,t)=0 for t=<O0. 9
given normal surface acceleration @ Initial (and past
conditions are given by IV. LAPLACE TRANSFORM OF THE MODAL
u(x,H)=0 and U(x,t)=0 for xeI't<0, (1 ~ SOLUTION
and The solution of Eq(7) subject to initial conditiong9) is
obtained by transforming the equation into Laplace trans-
a(x,t)=0 for xe S;t<0, (2

form space. This gives
where an overdot denotes differentiation with respect to d2u,, E d_Un

\ ) Trerel nin+1) s?\_
time. The acoustic pressure field is then governed by the W+ Car 2 +? u,=0, (10
linearized wave equation
. 1 42U where_
\Y UZ?W for xeT, 3 du, o
ar| = Paa(s). (11)
wherec is the sound speed awf is the Laplacian operator. r=R

Continuity of normal acceleration on the surféggives Here uy(r,s) anda,(s) denote the Laplace transforms of
u,(r,t) anda,(t). The solution foru,,, which excludes in-

wardly propagating disturbances, is given by
wherep is the mean fluid density. Equatioi¥)—(4) consti- _
tute a well-posed initial value problem far(x,t). In this U(rs)= —pCan(s) kn(sric) ,
article we present results only for the Neumann boundary S kn(sR/c)
condition in Eq.(4). However, other conditions may be ac-
commodated using this framework as demonstrated in A

Vu-n=—pa(x,t) for xeS, (4)

(12

where k,( ) and k;( ) are the modified spherical Bessel
Pfunction of the third kind and its derivative. These can be

pendix A. expressed as finite sertés
me 2 1\
kn(2)= =~ yi(z—) , (133
I1l. THE MODAL FORMULATION FOR SPHERICAL Z i=0 z
RADIATION

and

Consider the particular case when the surf&e a — ezl 1\
sphere of radiuR as shown in Fig. (b). Assume also that k\(2)= —5— >, 6i( ) , (13b
the surface excitation is axially symmetric about thaxis.
The acoustic pressure and surface acceleration can then @gere
expanded in terms of a transverse orthogonal basis. This

i (n+i)! .
gnes ] Y=imonr (OSSN Sa=2nt Dy,
U(>_<,t)=u(r,6,t)=n2O Un(r,t)Pn(cosé), 5 80=70, and &=y;+2iy_; (1<i=n). (14
Substitution into Eq(12) and some rearrangement of terms
and .
then yields
- I Ny, a1,
a(x.)=a(0,)= > a,()Py(cosd), () Tr.8)= pC(E)esx Bn(S)(voS™+ 18" "+ Vn>]
n=0 r (moS" " “+ 1S "+ tns1)

wherer and 6 are spherical radial and angular coordinates R a,(s)F(r,s)
andP,( ) is the Legendre polynomial of order Substitu- =pC(—) esx( G—]
tion of Egs.(5) and (6) into Egs.(1)—(4) and use of the r n(S)
orthogonality properties of the Legendre polynoigields ~ where x=(r—R)/c. The coefficients in the polynomials
the following initial value problem for each modal compo- F,(r,s) and G,(s) are given by v;=1y,(c/2r)' and u;
nent of pressure, = 5,(c/2R)'. The solution for the transient modal amplitude

(15
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un(r,t) is then obtained by taking the inverse Laplace trans- (i (r,t)=pc(R/r)H(t")A(r,t), (163

form of the above expression. The roots of the denominator

G, (s) in Eqg. (15) are central to this procedure. and for n even
Un(r,t)=pc(RIMH(t)[C(r)e? + A(r,t)],  (16b)

A. The roots of G,(s) where

The polynomialG,(s) hasn+1 roots. Whem is odd m
these occur irm[ =(n+1)/2] conjugated pairsa;+ib; (j A(rt)= edUTA.(r)sin (bt )+ B:(r)cos(b:t’
=1,2,...m) wherei=/—1. Whenn is even these occur as "y j§=:1 [A(r)sin (byt") +B(r)cos (bt )],
m(=n/2) conjugated pairsa;=ib; (j=1,2,..m) plus a 17)
single real rootay. No multiple roots are present in either t'=t—(r—R)/c, m=(n+1)/2 (n odd, m=n/2 (n even

case. _ _ _ and H ) is the Heaviside step function in the usual notation.
These roots have been obtained in the current instancgne real coefficients\(r), B;(r), andC(r) are polynomials

by using a two-stage procedure whereby roots determineg 1/r, obtained from,

initially from an eigenvalue meth&dare “polished” by an

iterative Newton—Raphson procedure to ensure high accu-
racy. Both stages are implemented using variable extended-

precision arithmetic® In general the Newton—Raphson pro-
cedure converges within two iterations or not at all for a
given rootz; . Convergence is defined in the current instance
by the criteria that the root is accurate to at least 16 signifi-
cant figures. To ensure the desired accuraeyP), the con-

vergence criteria is calculated using the slope at each root

such that|G,(z;)|<P/2X|G/(z)|. If this criteria was not
met for all z;, the precision was increased. However, the
accurate representation of the coefficient&if(z) was also
a consideration in deciding the amount of precision required.
It was found that, in th@bsenceof any special coding pro-

for n odd
A(N)+iB)(N=[Fy(r S/ ®(9)]s-a+in, (189

and for n even

AJ(r)+iB;(r) = [Fo(r,9)/b;(5=a0) () Jsa o,

where

cedures to avoid floating point errors, arithmetic precision ofgng

approximately 2 (n—>5) significant figures was required to

accurately represent these terms for a multipole of order

(n<100). This was the overriding consideration in deter-
mining the precision required.

Roots were calculated in this way for multipoles of orderg The multipole step solution,

up to and includingh="75. These are tabulated for reference
in Table | forn=0,1,...,25. It should be noted that the values
have been normalized with respectRcand ¢ so the actual
value of a root is given by;=(c/R)Zz; wherez; is the tabu-
lated value.

V. PARTICULAR SOLUTIONS

The inversion of Eq(15) is presented for three specific
forms of the modal surface acceleration: an impulse function,
a step function, and a time-harmonic excitation starting from
rest. A multi-modal solution is also presented for the exterior

(18b)

C(r)=[Fn(r,s)/¥(s)]s-a, (189

d(s)= kl:[l ((s—a)?+bd), (199
(k#]))

\p(s)zkﬂ ((s—a?+b?d). (19b)
=1

an()=H(1)

The transient modal solution caused by a unit step ac-
celeration at=0, a,(t)=H(t), will be termed theransient
step responsand denoted bwﬁ(r,t). After settinga,(s)
=1/s, the following solution is obtained.

For n odd
ut(r,t)=pc(RIMH)[X(r)+A(r,0)],

and for n even

(203

ul(r,t)=pc(RIT)H(t)[X(r)+ C(r)e! + A(r,t)].
(20b)

sound field due to the transient motion of a spherical pistorThe real coefficientX(r), A;(r), B;(r), andC(r) are poly-

in a spherical baffle.

A. The multipole impulse solution,  a,(t)=6(t)

The transient modal solution generated by a unit surface
impulse,a,(t)= 6(t), whered( ) is the Dirac delta function,
is now presented. This will be termed thaultipole impulse
solution and will be denoted by, (r,t). It is obtained by
settinga,(s)=1.0. The inversion of expressidi5) is per-
formed in the usual way by expanding the right-hand side of
this equation as a series of partial fractions and inverting
each in turn. After some manipulation this gives,

for n odd

1850 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001

nomials in (1¢) and are given by,

for n odd
A1) +iB (1) =[Fy(r,9)/bs(8)]s-a +, (219
X(r)=[Fu(r,s)/V(s)]s=0, (21b

and for n even

Aj(r) +iBj(r)=[Fn(r,s)/b;S(s—a0)P(8) Js=a, +ib;»

]

(2190
C(r)=[Fn(r,s)/s¥(s)]s-a, (210
X(r)=[Fn(r,s)/(s—ap)¥(s)]s=o- (219
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TABLE I. Table of the zeros 06,(s) for 0<n=25[root z;=(c/R)z; wherez; is the tabulated valde

n

Real

Imaginary

n

Real

Imaginary

10

11

12

13

14

—1.000 0000 0000 0000-E0
—1.000 0000 0000 0000-ED

—1.783 2434 2804 8749-H0
—1.108 3782 8597 5626 -£0

—2.298 1335 4024 959980
—1.201 8664 5975 0401£0

—3.051 5949 0491 1486£0
—2.691 6433 9723 8399-H0
—1.282 5591 5030 5858-H0

—3.630 2924 1265 8535-H)
—3.015 9041 6262 5265H0
—1.353 8034 2471 6200-E0

—4.355 6134 6954 40280
—4.109 7280 0232 7458 £0
—3.294 5775 4567 60780
—1.417 8877 1722 445180

—4.959 4880 1296 47650
—4.523 5374 7940 7286 K0
—3.540 6157 9118 94230
—1.476 3587 1643 8526-K0

—5.669 8102 8003 22570
—5.482 7335 9119 912080
—4.890 0991 8522 3068-E0
—3.761 9626 9316 75440
—1.530 2993 9039 4140-H0

—6.287 2298 6802 977580
—5.947 6787 1661 4656-E0
—5.220 7168 4326 5393H0
—3.963 8781 9865 66860
—1.580 4963 7343 34900

—6.988 3277 2702 739180
—6.837 2561 3052 3973-H0
—6.368 0891 8334 1414-H0
—5.522 9078 0428 68890
—4.150 0434 0914 7560-E0
—1.627 5396 0918 6468-£0

—7.614 2189 7441 7910H0
—7.335 6485 8061 0051£0
—6.753 1459 4213 021280
—5.801 9578 8319 6006 £0
—4.323 1450 0098 0251£0
—1.671 8836 1866 55690

—8.309 0822 7346 445080
—8.182 3559 5238 34620
—7.792 9394 2297 8456 K0
—7.109 3243 0501 282580
—6.061 7428 6228 6940-E0
—4.485 2096 9552 823980
—1.713 8866 2507 7853-H0

—8.940 7749 4522 815180
—8.704 4226 7020 7853H0
—8.216 5721 5719 3049H0
—7.441 3868 7131 8633H0
—6.305 1992 0897 2076-E0
—4.637 8077 0659 1432H0
—1.753 8364 4048 88060

—9.631 1451 9159 0926 -£0

+1.000 0000 0000 00000

+1.954 0933 9251 2700H0

+8.906 0065 6002 5654 F£1
+2.903 9165 3244 732980

+1.779 3524 9328 827780
+3.857 4502 7037 2908-H0

+8.768 3052 2985 6771 EL
+2.674 4583 2516 9343H0
+4.815 1765 8380 3848 H0

+1.754 9674 6683 6428 H0
+3.576 5024 9982 2298 H0
+5.776 5832 8455 41730

+8.726 0763 2422 3758 E1
+2.637 5497 2867 462580
+4.484 8715 3558 8382H0
+6.741 0920 9079 9774H0

+1.746 5811 0966 3632-H0
+3.525 1789 1644 6869H0
+5.398 8008 0694 0225-H0
+7.708 2105 1798 493180

+8.707 7344 2556 8537 EL
+2.623 7246 3970 573280
+4.417 7439 2809 8047 H0
+6.317 5907 7977 0616-£0
+8.677 5418 7538 9750H0

+1.742 6744 9462 4877 H)
+3.504 6044 2830 772280
+5.314 9227 6256 555480
+7.240 6442 2522 491180
+9.648 7693 6101 335180

+8.698 1385 5382 7800 &L
+2.616 9286 8078 8785H0
+4.389 3142 6931 802180
+6.216 3460 1832 7422 H0
+8.167 4603 3218 6014£0
+1.062 1638 5694 9332£1

+1.740 5322 9658 1262-H0
+3.494 0405 6357 551480
+5.277 7552 4157 697080
+7.121 6538 8721 591280
+9.097 6197 9819 2960-£0
+1.159 5943 1383 1414 £1

+8.692 4948 6852 9681 E1
+2.613 0602 1891 44240
+4.374 1836 7100 527180
+6.169 7508 2368 74910
+8.030 5152 4315 0631H0
+1.003 0769 9842 57191
+1.257 1513 7884 9302 E1

15

16

17

18

19

20

—9.521 9903 4113 6378H0
—9.188 6897 7381 8928 H0
—8.612 0325 5803 91240
—7.752 9528 5788 057280
—6.534 6110 7765 96180
—4.782 1826 5279 312580
—1.791 9681 4287 679380

—1.026 7060 3639 8684 £1
—1.006 1726 0884 0310£l
—9.641 2617 3989 472380
—8.983 4977 0133 335180
—8.046 8456 2096 326180
—6.751 7941 2335 973980
—4.919 3378 7582 1906 £0
—1.828 4764 8623 7083H0

—1.095 4039 5504 4612 £1
—1.085 8168 7554 8810&L
—1.056 6631 4550 8984 E1
—1.006 6793 4083 56801
—9.334 2324 6462 5338-H0
—8.325 3155 5590 6164 £0
—6.958 2180 3315 731980
—5.050 0957 2500 9697 H0
—1.863 5248 2714 3683H0

—1.159 3165 9340 4287 £1
—1.141 1608 3703 8859f1
—1.104 1782 4754 7462 €1
—1.046 8928 1354 9631 £l
—9.666 8440 6698 5269-H0
—8.590 1889 3393 3273H0
—7.155 0909 6553 5080£0
—5.175 1394 3403 727980
—1.897 2516 8410 671280

—1.227 7495 1850 53711
—1.219 2021 6470 1196 E1
—1.193 2833 6937 8446 &L
—1.149 1156 4451 9311 &1
—1.085 0579 3034 9564 £1
—9.983 4521 9406 3059H0
—8.842 9706 5683 6907 H0
—7.343 4193 9478 9007 £0
—5.295 0434 2309 303980
—1.929 7756 4920 5957 H0

—1.291 9146 0509 1870&1
—1.275 6405 7302 6832 £l
—1.242 6122 3917 0677 £L
—1.191 7937 0509 9271 €1
—1.121 4118 6127 7730 &L
—1.028 5806 5686 6302EL
—9.084 9172 2160 559980
—7.524 0515 5541 561480
—5.410 2956 8963 4106 £0
—1.961 1991 2801 7860-H0

—1.360 1347 5726 0897 E1
—1.352 4234 2949 8953 £1
—1.329 0869 6856 1004 £1
—1.289 4901 4630 4205£1
—1.232 4718 6155 4657 &1
—1.156 1506 3018 4626 E1
—1.057 5370 5250 7374 &1
—9.317 0897 9331 4458 K0
—7.697 7096 4406 2652H0

+1.739 2290 9563 2290-£0
+3.487 8385 1871 1752H0
+5.257 3705 9761 111780
+7.065 0978 3612 6813H)
+8.942 6323 2443 4038H0
+1.096 6612 3099 5598-F1
+1.354 8210 1138 4696 E1

+8.688 8962 9647 1922F1
+2.610 6409 8492 4524H0
+4.365 0669 8985 1717H0
+6.143 5339 8972 0146£0
+7.963 5898 1524 9862 H0
+9.857 7398 7605 5406 -£0
+1.190 4892 0812 1376E1
+1.452 5914 4320 6254 E1

+1.738 3767 0251 6551H0
+3.483 8686 2253 124580
+5.244 8141 6971 595780
+7.032 5675 2727 7090£0
+8.865 0277 1686 68700
+1.077 5602 3064 8507 E1
+1.284 5390 4186 38821
+1.550 4527 1478 1576 &1

+8.686 4616 8436 8076-EL
+2.609 0245 9972 9372H0
+4.359 1145 1048 6985H0
+6.127 0752 1153 758480
+7.924 3475 3444 379080
+9.769 2245 2781 4408 H0
+1.169 6010 3243 1153 &1
+1.378 7917 8735 0248E1
+1.648 3963 2214 2634 £l

+1.737 7884 2829 76250
+3.481 1674 1311 1369+H0
+5.236 4744 0667 7450H0
+7.011 8039 3774 0712H0
+8.818 7446 5485 6362H0
+1.067 6006 8738 2377 £l
+1.261 8777 6517 3627 EL
+1.473 2309 3641 7574E1
+1.746 4149 4500 2798E1

+8.684 7381 0966 5672FE1
+2.607 8900 2877 9320-H0
+4.355 0000 1921 2713H0
+6.115 9794 8795 2964£0
+7.898 9312 6822 3903H0
+9.715 6302 0341 9265H0
+1.158 5215 1411 05891
+1.354 3738 0387 9310-E1
+1.567 8420 1370 8806E1
+1.844 5022 3511 6019E1

+1.737 3652 5530 7674-H0
+3.479 2433 3706 6860-£0
+5.230 6300 7025 9606-£0
+6.997 6213 1060 6737 H0
+8.788 3761 0502 4624£0
+1.061 4879 5712 2257 &1
+1.249 6702 8817 2940E1
+1.447 0742 6402 7235E1
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TABLE I. (Continued)

n

Real

Imaginary

Real

Imaginary

—5.521 3146 5994 4756 £0
—1.991 6112 3026 54660

+1.662 6122 5224 9505E1
+1.942 6526 4976 0915£1

—1.137 8830 7816 1521 F1
—9.963 4084 3606 5207 £0
—8.182 6432 3077 550780

+1.332 5655 7982 4416 E1
+1.524 3556 1342 0046 E1
+1.726 2748 9634 1421 F1

—1.409 7563 5251 462581 =2.607 0625 5040 0543-£0 —2.077 5153 2046 23350 +2.237 4366 9420 9306 El
—1.379 9062 5417 6754-E1  +4.352 0313 8410 5355-8)
—1.334 1965 7300 5157-E1  +6.108 1093 1141 497980 24 —1.624 9853 5202 6011 E1
—1.271 3647 4432 9065-EL  +7.881 3670 7433 2156-K) —1.618 5353 6824 7834-E1  +1.736 8103 2799 0838-E0
—1.189 4383 7795 5032-E1  +9.680 0518 7654 3492-E0 —1.509 0674 9184 0214-E1  +3.476 7438 6008 9849-E0
—1.085 3381 8669 2819-E1  +1.151 6373 9614 5975-EL —1.566 2168 1134 1328-E1  +5.223 1529 2712 399780
—9.540 3936 2141 5492E0  +1.341 0335 9014 4012-E1 —1.519 3353 9046 3363-E1  +6.979 8907 6524 7421-E0
—7.865 0141 2713 0227-E0  +1.539 9657 7487 4755-EL —1.457 4222 2963 9613-E1  +8.751 6847 2456 7659-E0
—5.628 4620 7950 8090-E0  +1.757 5303 3092 6353-EL —1.378 9990 7788 8729-E1  *1.054 4712 8384 3300-E1
—2.021 0900 3425 1912-E0  +2.040 8613 1938 8935-EL —1.281 8888 3193 8241F1  +1.236 7589 9474 5815-E1
—1.162 7971 7142 9776E1  *1.423 3239 1918 6804-E1
22 —1.492 5490 7825 0745-E1 —1.016 4385 9995 52951  +1.616 2927 0669 8962-E1
—1.464 2987 4175 5074EL  +3.477 8229 6067 6930-E0 _5.929 6370 2121 6811-ED  +2.043 0758 4996 7550-EL
—1.376 9629 1451 3085-EL  +6.987 4531 0666 9800-E0
—1.308 6522 4278 9280-E1  +8.767 1691 9588 473280 25 —1.689 6625 6143 2097-E1  +8.681 7784 6123 4850-E1
—1.221 4141 1274 3256E1  +1.057 3870 5060 3804-EL —1.677 2433 0413 4704-E1  +2.605 9603 1648 3995-E0
—1.112 0898 1171 3988-EL  +1.242 0001 1673 1512-EL —1.652 1935 9001 1347-E1  +4.348 1182 2774 0866-E0
—9.755 6078 5124 18610  +1.432 5991 2375 9705-EL —1.614 0723 8137 4977-E1  +6.097 9014 7165 5553-E0
—8.026 5023 8686 6059-E0  +1.633 0362 8505 0095-EL —1.562 1673 9503 4242F1  +7.859 1203 5051 0501-E0
—5.732 0530 1705 5048-E0  +1.852 5861 6046 2295-EL —1.495 4208 7838 4365-E1  +9.636 5140 9894 9407-E0
—2.049 7043 8236 16650  +2.139 1239 4141 3745-EL —1.412 3016 8996 0779-E1  =1.143 6330 3800 0604-E1
—1.310 5796 3163 7697-E1  *1.326 7324 2045 1941E1
23 —1.557 0856 4908 1945E1  +8.682 5178 7095 8789-EL

—1.543 6025 1419 2300-E1
—1.516 3652 7795 91591
—1.474 8035 8024 5967 E1
—1.417 9832 5516 2790E1
—1.344 4868 4078 81191
—1.252 1967 3267 8536-E1

+2.606 4402 4354 917580
+4.349 8163 4891 8186H0
+6.102 3083 9350 7367 H0
+7.868 6529 5916 5230-H0
+9.654 9714 3028 4560£0
+1.146 9744 8136 4126 E1

—1.186 9013 6960 2609E1
—1.035 9059 9404 7652 £1
—8.480 4813 2683 733780
—6.024 0917 6938 8539H0
—2.130 9389 4756 944380

+1.514 2659 1520 2252F1
+1.708 4008 8424 1078 £l
+1.913 2177 6336 4088E1
+2.138 4942 5455 9088 £1
+2.434 1993 0148 6750EL

C. The transient harmonic multipole,  a,(t) and for n even
=H(t)sin (1)
; _ 2,02

The transient modal solution generated by a sinusoidal Aj(N)+iB;(r) =[Fn(r,s)/bj(s"+0%)
surface excitation of unit amplitude and frequerztarting X (5= ag)®(S)]s—a +ib.» (240
from rest at timet=0 will be termed thdransient harmonic o
multipole solutionand denoted bylff(r,t). It is obtained by . _ _ _
settinga,(s)=Q/(Q%+s?) and proceeding as before. This XN FIY (1) =[Fu(r.$)/Q(s=20) ¥(S)]s=ia, (240
gives,

for n odd C(N) =[Fo(r.9)/(s2+ Q) W(8)]5_s . (248

ud(r,t)=pc(RIMHE )Y (r,t)+A(r,1)],

and for n even

(229

uf}(r,t)=pc(R/r)H(t’)[C(r)eaOt'+Y(r,t)+A(r,t)],

(22b
where
Y (r,t)=X(r)sin (Qt’)+Y(r)cos(Qt’). (23
The real coefficient#\(r), B;(r), X(r), Y(r) andC(r) are
given by,
for n odd
Aj(r)+iBj(r)=[Fy(r,9)/bj(s*+Q*)(8)Is—a +ib,:
(243
X(r)+iY(r)=[Fu(r,s)/Q¥(sS)]s=iq (24b
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D. The general transient multipole, a,(t)=f(t)

The preceding solution is a particular case of the general
solution due to an arbitrary transient surface excitation of the
form a,(t)=f(t). This can be written in terms of the unit
impulse solution by means of a convolution integral of the
form

un(r,t)=fotf(r)ﬁn(r,t—r)dr. (25

A discrete approximation to this relationship is given by

un(r,t):zk f(t)0,(r,t—tAt, (26)
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FIG. 2. Transient multipole solutions} exact, steady(a) n=5. (b) n=10. (c) n=20.

wheret,(=kAt) is a discrete point in the time history. The ton” which occupies the region€ =< 6, on the surface of a
accuracy of this approximation will clearly be governed by spherical baffle of radiuR. The piston experiences a tran-
the size of the time incrementt, which can be reduced until sient normal acceleration of the form

convergence is achieved.

a(0,t)=g(o)f(t), (27)
where
E. Transient radiation from a piston in a spherical
baffle 1, 0=s6<6,,
. . cosf—cosé
More complex transient solutions can be formed by su-  g(g)= 72, 0,<60=<80,, (28)
perposition of two or more of the previous multipole com- COSf;—COSH;
ponents. Consider, for example, the case of a spherical “pis- 0, 6,<0<m.

(=)
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o
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FIG. 3. Transient multipole solutionsy exact,

FE.(a) n=5. (b) n=10.
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FIG. 4. Multipole order 5, comparison

i)
N

EXACT
(a)
An expansion ofg(6) in terms of the transverse surface
modes gives
a(0,t)= >, Af(t)P,(cosh), (29
n=0
where the coefficientd, are given by
Ao=3(2—X1—Xy), (303
1 2 3 2 3
A;=—|3-3x7+ (2X]—3X[X+X35) |, (30b
4 17 X2

1
A= 2(X1—X2)(2n+3) [Pn(X1) = Pn(X2) = Pnia(Xy)

+Pha(X2) ]+

20— xp)(2n—1) LX)

*Pn(XZ)*Pn,Z(X1)+Pn,2(X2)], (300)
wherex; =cos(®,) andx,=cos(@,). The corresponding tran-

n=2,

exact and FE solutionga) T=1. (b)
T=2.

phi? (kr)

_ i wt P
u(r,6,t)= 'm[e' 2 A”kh{JZ)(kR)

n=0

P,(cosé),
(32

whereh®( ) andh/(?)( ) are the spherical Bessel function
of the second kind and its derivative. This has been used
extensively as a benchmark problem for time-harmonic for-
mulations and for transient formulations at large tiie€
Both solutions—steady and transient—form challenging
validation problems for numerical schemes. Although a dis-
continuity in the surface acceleration has been avoided in the
current instance by smoothing the piston acceleration over
the interval 6,< 6=<46,, large gradients are still present in
the vicinity of the surface and many terms are needed in Eq.
(29) to give a smooth approximation to the surface accelera-
tion. Cesaro summation is frequently used to mitigate this
effect in problems where real discontinuities occur on the
surface—scattering of a step pressure pulse for
examplé®?922_pyt has not been used in the current in-

sient solution is then given by a summation of multipole gignce.

terms of the form

0

u(r,6,t)= ZO AnUn(r,t)P(cosb), (3D)

whereu,(r,t) is given in the general case by EQ5) or in
the case of harmonic excitation from restuq%(r 1) [see Eq.

VI. RESULTS AND VERIFICATION

Solutions obtained by evaluating the closed form ana-
Iytic expressions of the preceding section are now presented.

(228 or (22b]. The exact steady harmonic solution is They are compared to steady frequency-domain solutions to
given by

demonstrate their correctness and accuracy at large times. At

0

A
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FIG. 5. Multipole order 10, compari-
son exact and FE solutiong@) T=1.
(b T=2.

@]

oY

<z

J. A. Hamilton and R. J. Astley: Exact transient solutions 1854



0.15

—— —
=) 2 o.10
0.05
& 5 0.00 1
E £ 005
b b
s & -0.10
z -4
' ; ; ' -0.15
0 1 2 3 4 5 0 1 2 3
Non-dimensional time (T) Non-dimensional time (T)
(a) (b)

FIG. 6. Transient multipole solutions, response to a single sinusoidal pllsxact,

FE.(@) n=5. (b) n=10.

finite elapsed times, their validity is established with refer-finite/infinite elementFE/IE) solutions®® The latter are com-

ence to high-order numerical schemes for which high levelguted using infinite elements of order 6 and 11 which are

of confidence have already been established. known to accurately model multipole components of orders
. . 5 and 10'! Excellent correspondence exists between the ex-

A. Multipole radiation . .

act and numerical solutions. Contours of the exact and nu-

merical solutions are plotted in Figs. 4 and 5Tat1 and 2

over the regiorR<r=3R. These indicate again a close cor-

Transient multipole solutionsu,?(r,t), are presented in respondence between the exact and numerical solutions over

Fig. 2 for multipoles of orden=5, 10, and 20. A sinusoidal the entire exterior field.

excitation of frequency) commences at timé=0 where

QR/c=2. Time histories are presented as plots of nondi-

mensional dependent versus independent varialles . ) . ) .

- 2 _ - 3. Transient sinusoidal pulse. Comparison with
(=ulpc®) and T(=ct/R). These are shown at/R=1 .
. . Iy . numerical results

(point A) and atr/R=3 (point B) on the positivez axis. The

response at B is not plotted for the case20[Fig. 2(c)] due Time histories at points A and B are shown in Fig. 6 for

to the very large rate of radial attenuation at high multipolea single sinusoidal pulse defined by a surface acceleration

orders which renders the solution at B negligibly small to the

1. Transient harmonic excitation. Convergence to the
steady solution at large times

scale shown. The exact steady solution is also shown. _|sin(QY),  0=t=27/Q, 33

Clearly, the transient solutions converge quite rapidly to the ™10, otherwise,

steady case, the two responses becoming indistinguishable in

each case after one or two cycles. where againQQR/c=2. The solution can be obtained in
this case by two different approaches. It can be regarded as

2. Transient harmonic excitation. Comparison with the superposition of two transient harmonic solutions, in

numerical results which case

Analytic time histories for multipoles of order 5 and 10

t)=uil(r,t)—uil(r,t—27/Q 34
are plotted in Fig. 3 and compared to high-order transient Un(F,8) = Un (1, 1) = Un (1, = 27/2), 34

or as a convolution integral in terms of the impulse response

0.25 solution G, (r,t— 7) which gives
S o201 2710 .
‘9" un(r,t)zf sin(Q7)0,(r,t—7) dr. (35
5 0151 0
@
® o0l Both approaches have been used. The resulting solutions are
a ™ indistinguishable provided that a sufficiently large number of
.._E 0.05 A integration p_oint_s is used Wh_en evaluat_ing E3p). The re-
& sults shown in Fig. 6 are obtained by using E2p) with 200
z° 0.00 - integration points on the intervgD,27/Q)]. Time histories
are presented for multipoles of order 5 and 10. The corre-
-0.05 : > 3 ,:4 5 spondence between the exact and numerical FE/IE solutions
0 ) ional fi T is again close, confirming the effectiveness of the impulse
Non-dimensional time (T) response solution as a means of generating more general so-
FIG. 7. Transient multipole solutions, response to a step inpats; ¢ lutions for arbitrary temporal variations in the normal surface

exact,

FE. acceleration.
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FE

EXACT

(@) (b)

FIG. 11. Spherical piston radiation, comparison of FE and series solut®rnb=1. (b) T=2. (c) T=4.

4. Transient step response. Comparison with VII. CONCLUSIONS

numerical results . . . . .
(1) A family of exact transient solutions for axisymmetric

Time histories at points A and B are shown in Fig. 7 for ~ spherical radiation has been derived as a verification tool
the transient step responsgy(r,t). The results for a multi- for assessing the accuracy of numerical methods.
pole of order 5 are shown, where the numerical solution uset®) Specific multipole solutions have been derived and pre-
infinite elements of order 6. The correspondence between the sented for the sinusoidal and step excitations starting
two solutions is again close. from rest and for more general inputs using an impulse
response function. Solutions are presented in a form
which permits their reconstruction for multipole compo-
nents in the rangg0,25].
B. Radiation from a piston in a spherical baffle (3) Multipole transient solutions have been validated by
comparison with steady solutions—at large times—and
with high-order numerical schemes.
(4) A novel benchmark solution has been derived for the
transient sound field generated by the motion of a spheri-
cal piston in a rigid spherical baffle. This is constructed
by superposition of multipole transient components and
is shown to be in close agreement both with the steady
solution at large times and with high-order transient in-
finite element computations at finite elapsed times.

Solutions are presented for the case of a spherical piston
for which 6,=15degrees and,=30degrees. The piston
experiences a sinusoidal excitation of frequeiftywhere
QR/c=2m, commencing at timé=0. Both the transient
and steady series solutioftsgs.(31) and(32)] are truncated
after 25 terms. Pressure historiesr 88=1 andr/R=3 are
shown in Figs. 8-10 fo¥=0, 90, and 180 degrees. The
transient solution converges to the steady result at all points
after one or two cyles.

An apparent inconsistency in the transient solution lies
in the appearance of small spurious oscillations at thé\CKNOWLEDGMENTS
“back” of the baffle (=180 degrees These clearly precede The authors gratefully acknowledge the support of The
the arrival of the first disturbance from the pistonTat 7  Royal Society of New Zealand, Marsden Fund, Contract/
— 6,. Although physically unacceptable in the problem asgrant No. UOC-907 “Numerical solutions of unbounded
originally specified, this behavior is consistent with the ini- wave problems.”
tial decomposition of the surface acceleration into a finite

sum of multipole components. The effect can be reduced byppPENDIX A: INCLUSION OF OTHER BOUNDARY
increasing the number of terms in the surface expansiorCONDITIONS

When 30 terms are used, for example, the oscillations are .
virtually eliminated to the scale shown. However, this phe- One may construct a more general boundary condition
nomenon causes no difficulty in benchmark solutions pro-Of the form
vided that the same truncated form of the surface accelera- «Vu-n+pgu=a(x,t), for xeS. (A1)
tion is used as input to the numerical scheme being tested.

Contour plots of a FE/IE solution obtained using infinite If =0 a Neumann condition is described as before and if
elements of order 10 are shown in Fig. 11 and compared ta=0, a Dirichlet condition results whera(x,t) is now a
the current series transient solutionTat 1, 2, and 4. In both  prescribed acoustic pressure. If both terms are nonzero, then
cases 25 terms are taken in the expansion of the surfa@mixed or Robin condition is imposed. This may be consid-
acceleration. Although these solutions are obtained by quitered as a simple form of a transient acoustic impedance con-
different means, the correspondence is extremely close. Bofdition in which the impedance is independent of frequency.
solutions are to a large extent validated by each other in thi¥he procedure for the implementation of the Dirichlet con-
comparison. dition will now be described, however, the general nature of
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Energy losses in an acoustical resonator

Yurii A. llinskii,? Bart Lipkens,” and Evgenia A. Zabolotskaya?®
MacroSonix Corp., 1570 East Parham Road, Richmond, Virginia 23228
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A one-dimensional model has recently been developed for the analysis of nonlinear standing waves
in an acoustical resonator. This model is modified to include energy losses in the boundary layer
along the resonator wall. An investigation of the influence of the boundary layer on the acoustical
field in the resonator and on the energy dissipation in the resonator is conducted. The effect of the
boundary layer is taken into account by introducing an additional term into the continuity equation
to describe the flow from the boundary layer to the volume. A linear approximation is used in the
development of the boundary layer model. In addition to the viscous attenuation in the boundary
layer, the effect of acoustically generated turbulence is modeled by an eddy viscosity formulation.
Calculatons of energy losses and a quality factor of a resonator are included into the numerical code.
Results are presented for resonators of three different geometries: a cylinder, a horn cone, and a
bulb-type resonator. A comparison of measured and predicted dissipation shows good agreement.
© 2001 Acoustical Society of AmericdDOI: 10.1121/1.1359798

PACS numbers: 43.25.GMFH]

I. INTRODUCTION dimensional mod@lthat includes volume absorption only.
Then, the model is completed by adding a linear equation for
The resonant macrosonic synthesis technology devethe boundary layer. The linear equation uses the results of
oped at MacroSonix allows the creation of high-amplitude,the volume model to calculate the velocity profile in the

sho_ck—free standing waves in acqustical resonatBimwer is boundary layer as well as the energy dissipation and the
delivered to the resonator by a linear motor that shakes th&uality factor of the resonator.

entire cavity. We have observed peak pressures that exceed Second, the influence of the boundary layer on the
the ambient pressure by factor of 3 to 4. The standing WaV€3coustical field in the resonator is taken into account.

are strongly nonlinear and phenomena such as harmonic 9®Bhestet introduced a concept that takes into account the
eration, resonance frequency shift, and hysteresis are ob-

: . . |Pfluence of the boundary layer on the mass conservation
served. Previously, a one-dimensional model has been devel-

oped to analyze the high-amplitude standing waves inequatlon. Following this concept, we include an additional

acoustical resonatofsThe only attenuation taken into ac- term into the continuity equation that describes the mass flow
count in this model is that caused by viscosity in the volumgT@mM the boundary layer to the volume. A new nonlinear
of the resonator. It is known that most energy losses occur iff°del equation is then derived in the time domain to de-
the acoustic boundary layer along the resonator wall. Whegcribe the high-amplitude standing waves in the resonator
an accurate computation of the energy dissipation is neede¥ith the boundary layer. The time-domain equation is re-
it is necessary to take into account the energy dissipation iRlaced by a set of spectral equations for the harmonic ampli-
the boundary layer. It may be considered an Oversimpﬁficaludes. All acoustical characteristics are calculated with the
tion to analyze the boundary layer motion within a one-new model equation. The energy losses in the boundary layer
dimensional model because the fluid motion in a resonatoare calculated within the linear approximation of the model.
with a boundary layer is no longer one-dimensional. How-  Finally, rough estimations are done to take into account
ever, if the transverse component of the particle velocity igshe energy dissipation caused by the acoustically generated
small, a one-dimensional treatment of the standing waves igirbulence in the boundary layer. A simple eddy viscosity
still valid.? model is applied to include the losses associated with the
Here, the effects of the boundary layer on nonlinearturbulence. In this model the eddy viscosity is related to the

standing waves as well as energy dissipation are consideregoustic Reynolds number based on the boundary layer
within the one-dimensional model. Energy losses generateghjckness.

by the turbulence are included. Three steps should be distin-  The new model equation is solved numerically for three

guished in this investigation. First, we assume that thgynes of resonators, a cylinder, a horn cone, and a bulb reso-
boundary layer does not affect the_ acoustical f|e_ld_ n t_henator. The distortion of the pressure and velocity waveforms
resonator. Therefore, all the acoustical characteristics, l.84re calculated and demonstrated for different points along
pressure and velocity, are calculated with the 9"®ihe resonator axis. The distributions of the harmonic ampli-
tudes and phases of the pressure and velocity waves along

dAlso at: Department of Mechanical Engineering, University of Texas atthe resonator are shown for the first three harmonics. The
Austin, Austin, TX 78712-1063.

YAlso at: Mechanical Engineering, Virginia Commonwealth University, 601 depende_nce of the energy losses in t_he boundary Iayer and
West Main, P.O. Box 843015, Richmond, VA 23284-3015. the quality factor on resonator shape is also presented.
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Il. ENERGY LOSSES IN THE BOUNDARY LAYER B. Energy dissipation

In this section the following assumptions are usey: Once the velocity in the boundary layer is known, the
the gas motion in the boundary layer does not affect th&nergy dissipation can be calculated. For a one-dimensional
properties of the standing waves in the resonator; @nah fluid motion, the energy dissipation per unit time and per unit
linear equation is sufficient to describe the boundary laye¥olume equals

motion. 5
au,
A. Basic equations and solutions q= WO(W) : )
The absorption due to tube wall boundary layer effects is )
well known. Blackstockpresents a discussion of the absorp-After substituting Eq(2) into Eqg. (5), we obtain
tion of sound by viscous shear forces and heat transfer at .
walls of a tube. In this section we summarize some of the _ @z (% ‘7un) (6)
results. The momentum equation for the boundary layer of a 2 5 \ay ay)’

viscous fluid in the linear approximation is
whereu} is a complex conjugate to, .
au, Pu, 1 dp To calculate the energy that is dissipated in the boundary
TR v (1) layer, Eq.(6) should be integrated over the volume. The
Po equation for the energy losses can be presented in the form

whereu, is the particle velocity component along the reso- N

nator wall,p is total pressurez is the coordinate along the W= ﬂopof > [Un2Vnw2mr (1+12)%%dx, (7)
resonator wall, ang is the coordinate normal to the resona- 4 0n

tor wall, vo= 79/py is the kinematic viscosity coefficientg
is the equilibrium density of the gas, ang is the dynamic
viscosity. The solution of Eq1) is given by

wherer,;=dr/dx, | is the length of the resonator, ang is
the axial component of velocity obtained with the one-
dimensional model. To derive E7), the following equa-
tions were applied:

1 )
u,== > uemt+c.c., 2)
24 dx
dS=2nrdz=2ar —, (8
cosé
whereu,, are the complex amplitudes of the harmonic com-
ponents of the velocity wave, and c.c. are their complex con- o U,
jugates. The amplitudes of the harmonic velocity compo- U ):ﬁ’ 9
nents are given by
—y® —ay 1
Up=up’(1—e %), ©) cosf= 5 (10)
1+r3

where« is equal to . . . .
“ q Here,x is the coordinate along the axisis the radius of the

- resonator, and is the angle between the wall and the axis.
N
= / Po,
7o

(4) Equation(7) is the expression for the energy that is dissi-
pated in the boundary layer due to viscosity.

As mentioned in the assumptions, we do not directly
anduff’) are the mainstream harmonic velocities that are parinclude the effect of thermal conductivity on the energy dis-
allel to the wall. They represent the sources for the boundargipation. Swif included the effect of viscosity and thermal
layer. conductivity on energy dissipation for a cylindrical resona-

It is necessary to clarify that in this derivation we as-tor. His calculations show that the energy dissipation is pro-
sume that the difference in the velocity component along theortional to the factor/7[ 1+ (y—1)/\/Pr]. We can draw
resonator axis and along the resonator wall is small. Théwo conclusions regarding the effect of thermal conductivity
same assumption applies for the coordinates along the walin energy dissipation for shaped resonators. First, we can
and the resonator axis. approximate the effect of thermal conductivity by increasing

A similar derivation can be done for the heat transfer athe value of viscosity to account for the effect of thermal
the walls} and the result is a thermal boundary layer with aconductivity. Second, our application of interest is that of
temperature profile. It is possible to derive a quasi-planeacoustic compressors with refrigerants as working gases. For
wave equation that includes the combined effect of viscositynost refrigerants, the value ofis lower than that for air; it
and thermal conduction. Including the heat transfer at thés in the range of 1.1-1.2, an indication that the effect of
wall amounts to replacing the factaf7y by Vmo[1+(y  thermal conductivity is relatively small in comparison with
—1)//Pr], wherey is the ratio of specific heats and Pr is the that of viscosity. In numerical calculations, we adjust the
Prandtl number. In this paper we focus our discussion on thealue of viscosity so that a good agreement is obtained be-
effect of viscosity. tween calculated and measured dissipation.

1860 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 llinskii et al.: Losses in a resonator 1860



C. Preparation for numerical calculations

D. Quality factor of the resonator

As the energy losses are calculated numerically, we in-  The quality factorQ of the resonator is

troduce the following dimensionless variabfes:

X r w
X=2, T=wQt, R=7, Q=—. (12)
I I o

E
Q= 27TWT (22)

Here,E is the total energy stored in a resonator, dgds the

Here,wo=mCy/l is the resonance frequency of a cylindrical period of the resonator oscillation.

resonator of length Previously we used the velocity poten-

tial ¢ (or ® in dimensionless forpnand the functiorV. They
are related to the particle velocityas

<9<p i Ib 17

U= x 1 9ox (12
and

v=R2Y 13

The spectral component amplitudes of the velocity wave are

Since the averaged kinetic energy is the same as the
averaged internal energy, we calculate the total energy stored
in the resonator as the doubled kinetic energy

1
E= —f f pu2 dv dt, (22
Tp

wheredv is a volume element, andit is a time element.

In dimensionless variables we have

E=m POColsf f——de dT=m poCOI3S (23

expressed through the dimensionless harmonic componepere

amplitudes of the functioV as

- Vi
Uy =2l 0o (14)

So, the energy losses in the boundary layer written in

dimensionless variables are

(1+ R2)3/2

an—ofElvw_ X. (15)

Here, 70 is a normalized attenuation coefficient

~ 70

0= ol (16)
I" has dimension of power and is given by
I'=2mpol *w§y2¢ol wo, (17)
and
Rlzd—R. (18
dX

~ p V2
5= f e (24)

As shown in a previous pap@r/p, takes the form
=1 1)w? Qﬁq) + v +AX
P R A R Ty

G o9V
mR2 9X

where A=a/|w§ is a dimensionless acceleratida is the

acceleration of the resonajp6 = 7dwq/c} is a dimension-
less volume attenuation coefficient= ({+47/3)/po)].

The integralS is obtained as the solution of the differ-
ential equation

Uy-1)
} ) (29

dS pV2

One more equation is added to the set dfi(42) equations,
and the (N+ 3)th variable gives the desired integfal Fi-

The calculation of the energy losses is reduced to solving thRally, the quality factor of the resonator is

following integral:
(1 + R2)3/2

L= ﬁolenw_ X. (19)

Instead of directly calculating the integrh|] we solve the
differential equation

(1 Ri 3/2
dX—J—EI ol VNQ—pr—. (20

The solution of Eq(20) yields the functiori that is propor-
tional to energy dissipation.

Q \/?s
=2 Var @

Ill. THE EFFECT OF THE BOUNDARY LAYER ON THE
ACOUSTIC FIELD IN THE RESONATOR

The boundary layer introduces not only energy losses
but changes the characteristics of the acoustic field inside the
resonator. These changes can be taken into account by add-
ing a term in the continuity equation to describes the mass
flow from the boundary layer to the volume part of the reso-

To calculate the dissipated energy in the boundary layemator. This is a concept first introduced by Chestelsing
we add Eq(20) to the set of (N+ 1) differential equations the new continuity equation, we modify the nonlinear model
we solved earlier. Now we have a set ofN4 2) equations, equation in the time domain. Then, the solution scheme that
and the energy losses in the boundary layer are one of theas been previouslyis applied to this analysis. The time-
variables that we solve in this set of differential equations. domain model equation is replaced by a set of equations in
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the frequency domain that is complemented by two equa- ¢ 10 .
tions for the energy losses and the quality factor. These equa- W(Puy) + o Ler(u—uz7)]=0. (33
tions are solved numerically.
A. Modification of the previous derivation Integration yields
Here, the previous derivation is modified in order to in- 1 (=9
clude the effect of the boundary layer. Uy=—— E[pr(uz—u(zo))]dy. (34)
The derivation starts with Eq14) from Ref. 2, and the pt Jo

terms are rearranged as follows: . : . :
9 Sinceu, is small and the difference betwegrandp, is also

do 1[ae\? 6 9 , 09 c% small,p can be replaced by,. Thi_s approac_h is_ consistent
R 5) _r_zg(r x| Xy with the use of Eq(1), the solution of which is used to
, integrate Eq(34) overy
YPo _ c
M=o T T 2 bm— = 7 1y, (35
Equationg16), (17), and(18) of Ref. 2 have been applied to ’ ar oz
obtain Eq.(28). Next, we neglect the difference between the velocity

By differentiating the functiorH with respect to timé,  omponent along the wall and along the axis of the resonator
we obtain the model equation for nonlinear standing waves;ng we replace by x. We then obtain

IH dp dH (y—1) 9 ( 2(9(,0)
—=—————>5——|r"—|H (29 1 0 _

at IX X r X\ ox Uyn="—— 5(run). (36)
Equation(29) is rewritten here in a form that is not only

more compact but also more convenient for our further in-Substitution ofu,, into Eq. (30) yields

vestigation. By substituting the expression fdrinto Eq.

(29), one will recover Eq.(28) of Ref. 2 for the velocity fo=—Fnp, (37
potential ¢.
where
. [ 27 0
B. Flow from the edge of the boundary layer into the Fo=—r (1—i) —(rup). (39
volume of the resonator Nwpo IX

Next, the mass flow from the edge of the boundary layer  This flow from the boundary layer to the volume is
into the volume is estimated and included into the Continuitytaken into account in the Continuity equation for the volume.

equation for the volume. _ The continuity equation is then used to derive the model
The mass flow through a unit element of the boundaryequation that describes the acoustic field in the resonator
layer edge into the volume is given by with an acoustic boundary layer.
f 2 ! 30
n= PUyn2 Tl . (30

) ) C. Derivation of the new model equations
Here, f,, is a spectral component of the flow, ang, is a

spectral component of the velocity component normal to the ~ The mass conservation equation becomes
resonator wall.
To calculate the normal velocity componenj, we ’9_P+ii(rz Fp
. L . . > pu)+ —5=0, (39
combine the continuity equation for the boundary layer with at e ox r
the continuity equation for the volume. The continuity equa-

tion for the boundary layer is where the functiorF has spectral componenis,. The in-
1 clusion of the boundary layer flow into the mass conserva-
dp d J tion equation changes the model equati29), which is now
_— + JE— _|_ —_— = 3
ot ay(puy) r az(pruZ) 0. S given by

and the continuity equation in the volume is

oH de IH (y—1) ¢ zo"go)
p 19 g oax ax  rZ x|\ ax
(0)y—
+_ =
ot T gz Pz =0, (32 .
whereugo) is the velocity component parallel to the resonator —(r=1) e H. (40

wall. Since the pressure is the same in the boundary layer
and in the volume, the density is also the same, and w8y expressingH as a function of the velocity potentia
obtain from Eqgs(31) and (32 [Eq. (28)], we can rewrite Eq(40) and obtain
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cO J [ ¢ 52 ¢, 5 o° rzﬁ
rZox\ ox|  at? T rZatox| X
da <p y— d de
+ re—
th a(t) "

ﬁ2<p &<p+y 1&<p J [ ,0¢
axat ax 12 gt ax

2
y—1/[dep\?d , ¢ Co
+ o | —| —=|r?—|- —5F.
2r? (ax> ax<r ax 2F (42)

The factorb is defined as

! @ (48

a a

To describe the acoustic field in the resonator with a bound-
ary layer, we have to integrate K4+ 1) ordinary differential
equations, i.e., the real and imaginary partsNotomplex
amplitudes for each of the two functiosand® as well as

the real functionVy.. The function® . is not involved in
Egs. (45 and (46). To estimate the energy losses in the
boundary layer and the quality factor of the resonator, we

Equation(41) is the modified model equation that describesadd Egs(20) and(26) to the set of (N+1) equations and
the acoustic field inside the resonator with a boundary layersolve the set of (M +3) equations.

Since we used a linear approximation to calculate the power

Equations(45) and (46), with the additional term that

that is dissipated in the boundary layer, we retained only théakes into account the influence of the boundary layer on the

linear term to describe the flow from the boundary layer.
The following dimensionless variables are introduced:

1 P

2
o= o VR (42)

The new functionV allows one to reduce the order of Eq.

(41). We are interested in the periodic solutions
N

v=k=§;N Vv, ek, (43)

N
b= E (I)keikT.

(44)

Equation(41) in new dimensionless variables reduces to or-tire resonator with velocity is equal tov oF e

dynamics of the processes in the resonator, have been used to
calculate numerically the losses in the resonator. The nu-
merical results have been compared with experiments per-
formed at MacroSonix Corp. and showed good agreement
for weak excitation, when energy losses increase as the
square of the acoustical amplitude. It is important to note that
energy losses have been calculated using not only @§s.
and (46) together with Eq(15) but also by estimating work
performed by an external force to excite oscillations in the
resonator. This second approach, which we now describe,
was used to check the calculations based on Ef$.and
(46).

We calculate the work done by an external fofeg.
The power required to excite oscillations by moving an en-
. The force

dinary differential equations for the complex amplitudes. For|: can be calculated using the equation for the gas pressure

the kth harmonic component the equations are

1 de+kZQ RZ(I) ikQG de (1_|)b de
2 dX KFTax JkOR dX
N
—|kQR2XAk+ [v Tt > [AK|V|
I1==N+k

dV| . dVl
(= DXAC g HK=D (= DBy g

N

y+1 . dv, 2dR
+|:2—N W[V ]k—|ﬁ—$ﬁ[V iPen%
(1-i)b dR
deVk, (45)
db, V.
X R 46

Notice thatV_, =V} whereVj are complex conjugatés, ,
and Vo=V is the dc component of the functioh. The
same notation applies for the velocity potentilil.is the

in the resonator as well as the derivative of the full momen-
tum M of gas in the resonator. Both ways yield the same
result. The average power of excitation per period is

(voF e =(voMg)=—(0oMy)

:_<af pudv>=—<fpaudv>,

(49

wheredV is a volume element. The last expression is the
average power associated with an inertial forcea(t). Itis
easier to evaluate this quantity than to integrate pressure over
the resonator wall. Energy losses calculated numerically with
Egs. (45), (46), and(15) were compared with Eq49) and
found to agree within a few percent. This fact indicates that
Egs. (45) and (46) with Eq. (15) are sufficient to describe
dynamics of a resonator with boundary layer and the associ-
ated energy losses.

IV. TURBULENCE DISSIPATION

With increasing amplitude of excitation, energy losses

number of harmonics included in the calculation. Both func-increase faster than the square of the acoustical amplitude as
tions V4. and® 4. are real. The acceleration is assumed to bediscussed below in connection with the measurements shown

periodic
N

A= > A€k
k=—N

(47
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in Fig. 15. Harmonic generation can account for only 10%—
20% of “excess” losses that exceed linear losses. This is
consistent with theoretical predictions of additional attenua-
tion due to harmonics, since energy losses in the boundary
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layer depend on frequency 8%, and the amplitudes of the According to Merkli and Thomann, the transition to tur-
harmonics are small because of the special shape of the redadlence occurs at

nator. The second harmonic does not exceed 20% of the

fundamental wave amplitude and contribution of the second Re=Re=400. (53)
harmonic to the excess losses is less than 10%. The highdterkli and Thomann also noted that initially turbulence does
harmonics decrease very rapidly and do not contribute sigaot exist during the entire period of the wave, i.e., it consists
nificantly to energy losses. The conclusion is that for high-of bursts of turbulence within each cycle.

amplitude wave excitation in a resonator with a shape that We assume that the eddy viscosity coefficiggtis

suppresses harmonic generation, significant excess losses are Re| 2

mostly not associated with harmonic generation but with in- Ne= 5770( A1+ —| = 1)_ (54)
creasing effective viscosity and thermal conductivity due to Rey

turbulence. Here, is a parameter that characterizes the ratio between the

Noticeable deviation of our numerical results from ex- dynamic viscosity and the eddy viscosity. The value
periments starts when the Reynolds number Re in the boundtetermined by matching calculated and measured dissipa-
ary layer is of the order of hundreds. This coincides withtion. Equation(54) has a very simple interpretation: it states
experimental investigations performed by Merkli andthat the eddy viscosity coefficient is dependent on the ampli-
Thomann’ which show that the transition to turbulence in tude of the Reynolds number. At low Reynolds numbers,
the boundary layer of oscillating pipe flow occurs at ReRe<Re,, the eddy coefficienty, becomes very small. At
=400. As the Reynolds number in the volume is greater thamigh Reynolds numbers, R&Re,, 7, is proportional to the
in the boundary layer, it is natural to anticipate that turbu-Reynolds number, i.ez.~ {7, (Re/Rg—1).
lence starts in the volume earlier than in the boundary layer.  Equation(50) can be written as
But, energy losses in the boundary layer are considerably _
greater than in the volume. For weak excitation the ratio v=1+{(V1+ M r—1), (55
between boundary layer losses and volume losses is of thghere 7=wv/vy, B=4Relm R(%Q, and Re=pyCol/ 7o
order of one wavelength or resonator length divided by the=1/3,. The valuev is given by
boundary layer thickness. We assume that the contribution of _ >
turbulence in the volume to the losses in the resonator can be V=Kt Vk“+2{—1, (56)
ignored in this preliminary investigation. The similarity of wherex is defined as
Reynolds numbers observed in experiment when turbulence

_1_ 142 2

occurs in the boundary layer of oscillating pipe ffoand the K=1=0+ 307 BM” (57)
appearance of excess losses in resonators by MacroSonix In order to take into account the eddy viscosity factor,
Corp. indicates the suitability of our approach. we need to multiply the dimensionless dynamic viscosjty

In this section we estimate energy losses due to turbuin Egs.(19), (27), and(48) by the factorv given by Eq.(56).
lence in the boundary layer using a simple eddy viscosity
model. The eddy viscosity model that we apply here does not
describe the dynamics of the turbulence. Experiment show¥. RESULTS OF NUMERICAL CALCULATIONS

this model is good enough to estimate integral losses associ- 114 fifth-order Runge—Kutta scheme with adaptive step-

ated with the turbulence. The model equation for the edd)éize contrdl is used to numerically integrate the set oN4

viscosity is taken as a simple amplitude-dependent function_ 3) equations. The Runge—Kutta routine is applied to the

that has paramete_rs to .adjust clallcula.ted energy Io;ses to m?\"i\‘/b-point boundary value problem. The solution of E@)
surements. The viscosity coefficient is presented in the foménd (46) allows one to calculate the pressure and velocity.

7= 10+ 7o, (50) Energy losses and quality fact@ are obtained by integrat-
_ o _ N _ ing Egs.(20) and (26).
where 7 is the dynamic viscosity coefficient angl is the During each calculation a frequency sweep is per-
eddy viscosity coefficient. formed, where the frequency is varied from slightly below

The transition to turbulence is governed by the localthe fundamental resonance frequency of the resonator to
Reynolds number based on the boundary layer thickdess slightly above the resonance frequency. The following
2Mcys acoustical characteristics are calculated: amplitude and phase
Re= 0 , (51) of each spectral component of the pressure wave, amplitude
Vo and phase distributions along the resonator for the harmonic
components of the pressure and particle velocity waves,
waveforms for pressure and velocity at ten points along the
resonator axis, and the dependence of energy losses and
20 quality factor Q on frequency. Calculations are performed
= \/; (52 for different acceleration amplitudes. For each calculation
ten harmonics are taken into account. In all equations the
The kinematic viscosity coefficient= 7/p, in Eq. (52) in-  coefficient of viscosity7 is replaced bynv to take into
cludes the total viscosity, i.e., the sum of dynamic viscosityaccount eddy viscosity. Numerical results are presented for
and eddy viscosity. resonators of three geometries: a cylinder, a horn cone, and a

where M is a Mach number in the boundary layer. The
boundary layer thicknes8 is equal to
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FIG. 2. The first three harmonic amplitude distributions along the cylindri-
cal resonator for pressure wavkeft column and particle velocity wave
0 ' T " (right column for different acceleration amplitude&=5x10"* (curves
0.8 1 12Q a), A=3x10"* (curvesh), A=1x10"* (curvesc), and A=0.5x10"*
P3 (curvesd) at frequency)=1. Here,M,, M,, M5 are acoustic Mach num-
0.03 bers that correspond to harmonic amplitudes of the velocity wave normal-
ized by the sound speed, am}, P,, and P; are corresponding sound
pressure normalized by ambient pressure.
a
0.0 °
.015+ . .
. results for the pressure wave, and the right for the velocity
wave. As expected, all curves are symmetric with respect to
d X=0.5. The pressure and velocity nodes and antinodes are at
0 the same location for all acceleration amplitudes.
T T

08 1 120 The maximum values of pressure and velocity ampli-
' _ _ tudes increase with increasing acceleration amplitude.

FIG. 1. Dependence of_ the first ‘thre_e harmonic amplltl_Jdes of the pressure Pressurgleft column) and particle velocity(right col-

wave on the frequency in the cylindrical resonator for different acceleration . . . g .

amplitudesA=5x 104 (curvesa), A=3x10 % (curvesh), A—=1x 104  umn waveforms are displayed in Fig. 3 at different points

(curvesc), andA=0.5x 10" 4 (curvesd) at X=0. Here, pressure amplitudes along the resonator axis for a high level of acceleratidn,

P1, Py, andP3 are normalized by ambient pressure. =5x10 4. Figure 3 reveals the strong nonlinear distortion

of the wave in the cylindrical resonator. Shock fronts occur

bulb-type resonator. The cylinder is an example of a consoll the pressure wave as well as in the particle velocity wave.
nant resonator, i.e., a resonator with an equidistant spectrufthe shape of the velocity wave is different than that of the
of its modes. The horn cone and the bulb-type resonator afessure wave. AX=0 the pressure waveform has the clas-

dissonant, they have a nonequidistant mode spectrum. THdcal saw-tooth shape. In the middle of the resonaor,
nonlinear distortion is different in all three resonators. =0.5, a saw-tooth shape is observed but at twice the fre-

] quency of the fundamental. This can be explained by the fact
A. Cylinder that the amplitudes of the fundamental component and all

The dependence of the first three harmonic amplitude®dd harmonics are zero at this location. Maximum pressure
of the pressure wave on frequencyXat 0 are shown in Fig. amplitude is about 0.10. In the middle of the resonator the
1 for different amplitudes of resonator acceleration: cuave shape of the velocity wave is that of a square wave, while
corresponds to acceleratigh=5x10"4, curveb to A=3 near the end walls the shape is closer to that of an impulse
x 1074, curvec to A=1xX10"* and curved to A=0.5 function. Maximum velocity amplitude is about 0.1.

X 10" 4. From this graph we observe that for a cylindrical Energy lossesupper ploj and the quality factotlower
resonator, the resonance frequency does not depend on thkot) for different acceleration amplitudes are shown in Fig.
amplitude of resonator oscillation. With increasing amplitude4. The energy loss curves show the resonance behavior and
the resonance peak broadens. the energy losses reach their maximum valué€latl. En-

The first three harmonic amplitude distributions of pres-ergy losses increase with increasing levels of acceleration.
sure and velocity along the resonator axis are plotted in FigThe quality factor shows a similar but opposite behavior. It
2 for different acceleration amplitudes. Cunad, c, andd  reaches a minimum value close to the resonance frequency.
correspond tA=5x10"4, A=3x10%, A=1x10 4 and The quality factor decreases with increasing level of accel-
A=0.5x10*, respectively. The left column presents the eration.
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FIG. 3. The wave shapes of the pressure w@efe column and the velocity 350
wave (right column at the different points along the cylindrical resonator 0.8 12 Q

axis. Here,A=5x10"%, Q=1. Here,M is Mach number, an® is the

dimensionless sound pressure. .
P FIG. 4. Dependence of energy lossesper ploi and the quality factor

(lower ploy on the frequency in the cylindrical resonator for different ac-
B. Horn cone celeration amplitudesA=5x10"* (curvesa), A=3x10"* (curvesb), A
=1x10"* (curvesc), andA=0.5x 10"* (curvesd).
The characteristics of standing waves in the horn-cone

resonator are different from those in the cylinder. The reso-

nance curves for the fundamental pressure wave amplitudg@onic distribution is different, i.e., an extra node and
are presented in Fig. 5 for different amplitudes of acceleraantinode occur. It is interesting to note that for the highest
tion. Curvesa, b, ¢, and d correspond to acceleratios  acceleration level the third harmonic amplitude of the pres-
=5x10"% A=3x10% A=1x10"% and A=0.5 sure wave is of the same order as the second one, and the
X 104, respectively. With increasing amplitude of accelera-third harmonic amplitude of the velocity wave is greater than
tion the resonance frequency shifts to higher frequencieshe second one. The nodes in the second and third harmonic
The horn-cone resonator is an example of hardening resglistributions shift to higher values &f The occurrence of an
nance behavior. For high acceleration amplitude the resgextra node and antinode in the velocity distribution of the
nance curvegcurvesa andb) are characterized by hyster- second harmonic can be explained by the resonance harden-
esis. To obtain the resonance cuever b the numerical code

is run twice. First, we calculated from low frequency up to

the frequency where the functid®y (1) becomes multival- P,
ued(the upper branch of cuna. Second, we swept down in 15
frequency from high frequencies up to the frequency that
corresponds to multivalued behavior.

The first three harmonic amplitude distributions of pres- 19
sure(left column and velocity(right columr) along the reso- 1 b
nator are shown in Fig. 6. The harmonic amplitudes of the 0.5 \(
pressure wave are no longer symmetric along the resonator ' c a
axis but have the same general behavior, i.e., half wave- 1 %/\\\_
length for the fundamental, full wavelength for the second 0 —
harmonic, and one and a half wavelengths for the third har- 1.43 1.44 1.45 1.46 147 Q
monic. The fundamenta.l pressure amplitude re‘.’jwhes a ValuF(IEG. 5. Frequency response of the fundamental pressure wave in the horn
of 1.25 atX=0 for the h',gheSt le\_IEI of accelerathn. In, gen- cone for different acceleration amplitude&=5x10"* (curve a), A=3
eral the same observation applies to the velocity distribux10-4 (curveb), A=1x10* (curve c), andA=0.5<10"* (curve d) at
tions. However, for high acceleration levels, the second harx=0. P, is dimensionless amplitude of the fundamental wave.
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FIG. 6. The first three harmonic amplitude distributions along the horn cone
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for the pressure wavéeft column and the particle velocity wavéight
column for different acceleration amplitudeg&=5x10"* (curvesa), A
=3x%10"* (curvesb), A=1x10"* (curvesc), andA=0.5x 10"* (curves
d) at resonance frequencies for each amplitude of acceler&jpandM ,

400

300

are defined as in Fig. 2.

ing behavior of this resonator. With increasing amplitude the

200 T T " T i T

1.43 1.46 147 Q

resonance frequency moves to a higher frequency, and the
second harmonic frequency is getting closer to the frequencllG. 8. Dependence of energy losseper plot and the quality factor
of the third mode. The influence of the third mode on thellower plod on the frequency in the horn cone for different acceleration

Pressure waveforms

Velocity waveforms
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FIG. 7. The wave shapes of the pressure w@efé column and the velocity
wave (right column at different points along the horn-cone resonator. Here,

A=5Xx10"% (O=1.454.
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amplitudes:A=5Xx10"* (curvesa), A=3x10"* (curvesh), A=1x10"*
(curvesc), andA=0.5xX 10~ * (curvesd).

second harmonic generation leads to additional maximum
and minimum in the second harmonic amplitude distribution.

Waveforms for pressure and velocity are presented in
Fig. 7. No shocks are observed in the pressure or velocity
wave. It is also clear from Fig. 7 that for identical accelera-
tion the peak pressure is much higher than that in the cylin-
der. This phenomenon can be explained by the fact that the
mode spectrum of the horn cone is nonequidistant. Harmonic
generation is suppressed and harmonic phases are changed so
that shock formation is prevented. At=0 the pressure
waveform for the horn cone is d-waveform, i.e., sharper
peaks and broader valleys. The velocity waveform has the
general appearance of a triangular waveform. Maximum
pressure amplitude is about 2.5 and maximum velocity am-
plitude is about 0.5.

The variation of the energy losses and quality factor as a
functions of frequency is displayed in Fig. 8. The energy
losses and behavior @ is similar to that of the pressure.
Hysteresis and resonance hardening are observed when the
amplitude of oscillation is high.

C. Bulb-type resonator

In Fig. 9 we show the resonance curves for the funda-
mental pressure amplitude for different amplitudes of accel-
eration. Hysteresis is observed at even a relatively low am-
plitude of acceleratioiicurvesc). The left and right branches
of curvec that correspond té=1x 104 overlap. Curves
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FIG. 9. Frequency response of the .fundame'ntal pressur(i‘wave in the bu'%ontribution through the third mode. Since the second har-
type resonator for different acceleration amplitud®s:5x 10 * (curvesa),

A=3x10"* (curvesb), A=1x10* (curvesc), andA=0.4x10"* (curve ~ MONIC is very close to the third mode, a significant part is
d) at X=0. contributed through the third mode. These two mechanisms
determine the second harmonic, but each contributes with a

andb display a complicated resonance behavior. This type oflifferent phase, so that they tend to cancel each other.
behavior is typical for a system when a higher harmonic is  In Fig. 11 the modal spectrum and the harmonics for the
coincident with a resonator mode. The resonance frequenc@ﬂlb resonator are shown. The solid lines denote the first ten
of this resonator is h|gher than the resonance frequency dﬂOda' frequencies for this resonator. The dashed lines denote
the cylinder and the horn cone. the harmonics of the fundamental frequency. As mentioned
The first three harmonic amplitude distributions alongbefore, the third harmonic is nearly identical to the fifth
the resonator are presented in Fig. 10 for the pressure waygodal frequency, and the second harmonic is situated be-
(left column and the velocity waveright column. Three  tween the third and fourth mode.
amplitudes of acceleration are presentel=5x10* The pressure and velocity waveforms are shown in Fig.
(curvesa), A=3x10"* (curvesb), andA=1x10"* (curves 12 for different points along the resonator axis. There are no
). The third harmonic is higher than the second one in the
pressure and velocity wave. The third harmonic here is verv

close to the fifth mode, as can be seen in Fig. 11. Therefore Pressure waveforms Velocity waveforms
five sections of a half wavelength are seen for the third har e M
monic distribution. It also explains the relatively high levels 1.2 03
of third harmonic generation. An explanation for the lower o . o
second harmonic is that it is generated in two ways whict * |
compete with each other. One mechanism is the contributio 4, . : 03 : :
through the second mode, while the second mechanism is tt 0 L 2T 0 L 2T
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FIG. 10. The first three harmonic amplitude distributions along the bulb-

type resonator for the pressure waleft column and the velocity wave

(right columnp for different acceleration amplitude&=5x10"* (curves FIG. 12. The shapes of the pressure wélegt column and the velocity
a), A=3x10* (curvesh), A=1x10* (curvesc) at the resonance fre- wave (right column at different points along the bulb-type resonator axis.
quencies. Here,A=5x10"%, =1.7466.
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shock fronts in the pressuk&eft column or velocity (right
column waveforms.

1.0x107 The energy lossek and quality factor of the resonator

] are plotted in Fig. 13. Again, we observe hysteresis for
curvesa, b, andc. From comparison of the quality factors of

bl a the three resonators, it is clear that the bulb resonator has the
highestQ for a given level of acceleration.
The dependence of the energy loskeand the quality
[

5.0x108] a
] //c factor on the amplitude of the fundamental pressure ampli-
1 b

tude is shown for two types of resonators, a horn daueve
a) and a bulb(curveb), in Fig. 14. The shape of the resona-
tors is shown as well. We note that the energy losses are

0.0x10° — about the same, while there is a significant differenc®in
73 74 175 176 177Q This example is an illustration of the fact that resonator ge-
Q ometry can significantly alter the characteristics of the stand-
1200 ing wave.
d
1000 - c D. Comparison with experiment
The theoretical predictions for the energy losses in the
a boundary layer show good agreement with experimental
800 .
a data. Two resonators are chosen to demonstrate this agree-
c ment, the horn-cone and the bulb resonator. For the param-
600 eter Rg we use the same value of 400 as proposed by Merkli
b and Thomanr.In order to determine the value of the param-
400 eter { we matched the predicted energy loss curve in the
T T T

horn-cone resonator with the measured values of the energy
losses. As seen in Fig. (@, a value of{=1.75 provided a
FIG. 13. Dependence of energy losgepper plo} and the quality factor ~good agreement. This value ¢fwas then kept constant for
(bottom plo} on the frequency in the bulb-type resonator for different ac- g|| other calculations. As shown in Fig. (B, the compari-
celeration amplitudesA=5x10"* (curvesa), A=3x10 * (curvesb), A g4 petween the calculated and measured results for the
=1x10"* (curvesc), A=0.4x10"* (curvesd). .

bulb-type resonator is very good. The geometry of the reso-
nators is shown at the top of Fig. 15. For this calculation we

‘f’)/ 7f)/_\ @ ®
\ \/ | __/—\

1.73 1.74 1.75 1.76 1.77Q

1.0x107
L
a 40 @
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S b — theory
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FIG. 14. Dependence of energy losses and the quality factor on the amplFIG. 15. Comparison of experimental data with the theoretical predictions
tude of the fundamental wave for two types of resonators: for the horn-conéor two resonators: the horn cone with the fléag and the bulb-type reso-
(curvesa) and for the bulb-type resonatézurvesb). Shapes of both reso- nator with the flargb): energy losses dependence on the amplitude of the
nators are shown on the tofa) is the horn-cone, anfb) is the bulb-type  fundamental pressure wave for both resonators, equilibrium pressig is
resonator. =40 psi(absolut¢=2.72 bar,T;=130 °F=327 K.
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swept from low to high acceleration level and at each levebn frequency is shown. The pressure waveform in the cylin-
the calculations were done at the resonance frequency alrical resonator exhibits the typical saw-tooth waveform

each resonator. with very limited pressures, while the waveforms for the
horn-cone and bulb resonator are not shocked. Much higher
VI. CONCLUSION pressures are attained for the same levels of acceleration.

Recently, we have developed a one-dimensional math- Finally, the energy losses predicted with this numerical

ematical model and a numerical scheme to analyze nonline&Qde are In ngOd agreelrner:jt with t.he eﬁpierlmeltntalfdata. A
standing waves in axisymmetric resonatorsiere, this Icomparlsorr: N n;Jmfrlca an (:{:‘xperln;ena resutts o etnergyd
model is modified to include the effect of the acoustic 0>>CS IS SNOWN TOMtwo resonators, a horn-cone resonator an

boundary layer along the resonator wall. The boundary IayelPUIb'type resonator.

introduces energy losses and influences the acoustic field in

the resonator. This influence is included into the model equa-

tion by introducing an additional term into the continuity C- Lawrenson, B. Lipkens, T. S. Lucas, D. K. Perkins, and T. W. Van

equation to describe the mass flow from the boundary layer 8322:1 C‘xiizz‘f.r%mzzfus?f Srgicf;%rzcéggég?lggves in-oscillating

into the resonator volume. Calculations of the energy losseSyy. A. llinskii, B. Lipkens, T. S. Lucas, T. W. Van Doren, and E. A.

and the quality factor of the resonator are included into the Zabolotskaya, “Nonlinear standing waves in an acoustical resonator,” J.

numerical scheme. The energy dissipation associated Witgxog?és?:f"%gig:éﬁfgg;ﬁ:tiﬁ]lsgﬁ?élose § tubes.” 1. Fluid Madh

turbulence is taken into account by a simple eddy viscosity 44'_64(196;9_ T "

model. 4D. T. Blackstock Fundamentals of Physical Acoustia¥iley, New York,
Results are shown for three resonator geometries, a cyl-2000. S .

inder, a horn-cone, and a bulb resonator, and for severa?,':l' D'\'(-a’l‘(di‘ssa“d E. M. LifshitzFluid Mechanics(Pergamon, Oxford,

levels of resonator acceleration. Frequency response curve%?\\/\,'v' g;vi’m ‘.Tzérmoacoustic engines,” J. Acoust. Soc. ABd, 1145—

for the fundamental pressure component and distributions of 1180(1988.

the harmonic amplitudes of the pressure and velocity wave P. Merkli an_d H. Thomann, “Transition to turbulence in oscillating pipe

are shown. The pressure and velocity waveforms calculateqc\‘;""g JF',;':f '\S/'e;h‘?2’&?)3;376(\/39?'Vetter“ng and B. P. Flannery

at several positions along the resonator axis are presentednymerical RéCip'eS'iHORTRAN (C’amb'rid'ge Universiiy Press, Cémbridge,’

The dependence of the energy losses and the quality factorengland, 1992
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Atmospheric turbulence is inherently inhomogeneous and intermittent. Short periods of high activity
are embedded in longer periods of relative calm. Local spatial and temporal changes in sound speed
associated with this intermittency increase the likelihood of measuring large values of scattered
acoustic signals. Previous work successfully predicted the probability density fungbidis of

fully saturated, scattered signals measured within an acoustic shado\w¥itsen et al., J. Acoust.

Soc. Am. 99, 3393—-3400(1996]. The more general case of incompletely saturated scattering is
considered in this paper; using the Rice—Nagakami distribution a theory is developed. The predicted
intensity pdf has two free parameters: one to describe the degree of intermittency and a second for
the degree of saturation. For validation purposes, outdoor propagation measurements were made
over a flat, hard ground at ranges of 146—283 m and at frequencies of 50—-540 Hz. The saturation
parameter was determined from the acoustic data and also estimated from the turbulence conditions.
The degree of saturation increased with frequency, and measured intensity pdf's were found to be
in excellent agreement with the theory. @01 Acoustical Society of America.

[DOI: 10.1121/1.1364488

PACS numbers: 43.28.Fp, 43.28.Vd, 43.60[CgS]

I. INTRODUCTION nificant property of turbulence that is neglected in the clas-
§ical approach. Turbulence is intermittent: periods of high
e . ST . .~ _“activity are surrounded by periods of relative calm. An illus-
directions from discontinuities in the propagation medium._ . ; L7 . .
a{[{]atlon of this property is given in the upper panels of Fig. 1,

Obstacles, rough surfaces, and regions of turbulence all ¢ . . .
produce scatteringln the absence of physical obstructions, yvhere snapshots of the turbulent field graphically depict the

the main source of atmospheric scattering is turbulent inholntermittent nature of the turbulence strength. Early ex-

mogeneities, which are known to occur at the boundary 01f;.1mples gf intermittency are obserl/ed in the SODAR-derived
thermal eddies or in regions of wind shear. time series ofe by Thomsonet al,” where they use, the

The properties of scattered acoustic signals depengissipation rate of turbulent kinetic energy, to quantify the

strongly on the integral of the signal’s multiple propagationStrength of the turbulence. _
paths. As scattering increases, the number of paths influenc- BY defining the turbulence descriptors locally, over a
ing a received signal increases. At full saturation, the integra@iven scattering volume, Wilsoet al. derived an expression
properties of different paths are uncorrelated and, thus, ankp! the intensity pdf that agreed well with measurements
further increase in scattering produces no change in the st&2ade deep within a shadow zone. Intermittency was found to
tistics of a received signal. Fully saturated scattering typiincrease the occurrence of large intensity deviations. Again
cally occurs deep within an acoustic shadow zone. Whefieferring to Fig. 1, the lower panels illustrate the effect tur-
some of the propagation paths are sufficiently close so as oulent intermittency would have on scatttered acoustic sig-
be correlated, incomplete saturation is observed. nals. The more intermittent the turbulence, the more likely
Established scattering theory is based upon the use dhe occurrence of large acoustic deviations, as seen in the
ensemble-averaged descriptors of the turbulence as the saleatter diagrams of the complex acoustic signal.
determinant of the scattering statistfcEhe probability den- In this work, the statistics of the received intensity are
sity function (pdf) of received intensity for fully saturated studied for the case of incompletely saturated scattering. In
scattering is then described with an exponential distributionSec. Il A, saturation is described in the context of scattering
Wilson et al® modified this formulation by including a sig- regimes. The work for fully saturated scattering is reviewed
in Sec. 1IB and is then extended to the incompletely satu-
dpresent address: BBN Technologies, 1300 N. 17th St, Arington/ated case in Sec. IIC. Section Il D addresses estimation of
VA 22209. the degree of saturation. The experiments are described in

Scattering refers to the spreading of sound in a variety o
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FIG. 1. Conceptual illustration of the
concept of turbulent intermittency.
Upper panels depict snapshots of the
turbulence strength within a scattering
volume. The lower panels are scatter
diagrams of the propagated complex
signal (i, +i;). Intermittency is seen

- * ::"' . . :~'.1.'?-l b o3 . .
f% S Pt . ,e_h i % in the burst of strong tur_bulent act|v_|ly
vt .03, - (t,), surrounded by periods of relative

. R calm (t;,t3,t;). The intermittency

causes dramatic changes in the propa-
Wr gated signal statistics over time.
tI tz t3 14

time

Sec. lll, where comparisons are made between the measurehomogeneities results in a diffracted path. Using Rytov’'s

ments and predictions. Finally, Sec. IV discusses asymptotimethod, the signal can be characterized as a small perturba-

limits, the scintillation index, phase variance, and applicabil-tion from the invariant refracted path. Fdr=1, the turbu-

ity of the model. lence inhomogeneities are strong enough that multiple paths
appear. At full saturation, the scattered paths become uncor-

Il. THEORY related.

A. Scattering regimes

For isotropic, homogeneous turbulence, Flagteal?® .
o : L . . B. Full saturation

classified propagation by scattering into different regimes
based upon two parameters: the diffraction paramdateand For fully saturated scattering, the classical approach be-
the strength paramete. The diffraction parameter is in- gins by expressing the complex acoustical pressure in the
versely proportional to the size of the turbulent inhomogeneform
ities relative to the path’s Fresnel zone radius, and the
strength parameter characterizes the phase fluctuations of the p=¢,+ig;=Aexpi¢), D
received wave. Figure 2 shows the-® space and regimes.
(A similar classification is found in de Wofi. WhenA and  whereA is the pressure amplitude agdthe phase. The real
& are both close to zero, the wave is not scattered and ged+,) and imaginary {;,) part ofp are assumed to have iden-
metrical acoustics identifies the refractive path. For the castical, zero-mean Gaussian pdf's with variane€). The re-
where A>0 and® =1, weak scattering from the turbulent sulting amplitude has a Rayleigh distribution in the form

10 T T T T T
Partially
Saturated
1
10 3
=} Fully
o Saturated
(]
o
[0)
& FIG. 2. Regions il\—® spacd based
O o ) upon Flatteet al. (1979, Ref. 5. The
@ 10 | Rock Springs Y haded indi h .
a MBaSuTsMEnts | shaded area indicates the approximate
£ | domain of the Rock Springs measure-
[=)] I ments, using the calculations in Sec.
S l i D.
= I
® 100 Hz |
10 : i
[
|
Unsaturated
-2
10 1 1 1 1 1
-3 2 -1 0 1 2 3
10 10 10 10 10 10 10

diffraction parameter, A
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P(A) A l{ A2 ) One free parametety,, characterizes the strength of the

= mex - m 2 intermittency. It can be found for a given data set by impos-
_ _ _ ing the condition that the experimental and theoretical pdfs
The pdf for intensity] = A%/2poco, can be derived from the have the same second moment. It can also be evaluated from

probability identity the propagation environment, in which case estimates of the
turbulence’s integral length scale and scattering volume must

P(l)= M, P(A) 3 be made

( )_ ml ( ) .

Wilson et al? concluded that intermittency increases the
wheren, is the valuation of the inverse functigr{l). In this  probability of observing large scattered intensities relative to

casen,=1 and the mean value. They showed that the intensity pdf in the
presence of intermittency departs from the exponential dis-

P(l)= iexp( _ '_) (4) tribution: as the intermittency parametet, increases, the

lo lo pdf tail increasegsee Fig. 4 of Ref. B In a later work, the

where 1, is used for the mean intensity |g=(I) additional influence of intermittency in the turbulent tem-

=<¢2>/pgco) The mean intensity is related to ensemble-Perature field was consideréd The results indicated that

averaged statistics for the turbulence, as originally formyScattering fr.om a combination O_f temperature and qu in-

lated by Kolmogorov h(_)mo_geneltles prc_n_:luces essentially the same pdf as will the
In a later work, KolmogoroV presented his refined hy- wind inhomogeneities alone.

potheses which explicitly included the effects of intermit-

tency by considering local rather than ensemble-averaged _

statistics. Obukhd¥ stated this concept by defining the C. Incomplete saturation

strength of the turbulence as a local property of the measure-  \ye now consider the case where the requirement for full

ment volume. Functionally, this can be written in terms ofsatyration is relaxed. To analyze scattering for incomplete
the dissipation rate of turbulent kinetic energy. The averag@atyration, the Rice—Nagakami distribution is used. The

dissipation rate within a sphere of volurieis Rice—Nagakami distribution was developed, in part, by
1 Rice’s studies of the statistics of a stable signal in the pres-
€= Vj edV. (5)  ence of noisé® Flatte et al®> and de Wolf among others,
\Y

mentioned the applicability of the Rice—Nagakami distribu-
The tilde here and in all following formulations indicates a tion in the context of incompletely saturated acoustic and
quantity defined locally by averaging over a given scatteringelectromagnetic signals, respectively. Birkemeietral !’
volume V.3 used the Rice—Nagakami pdf to study microwave scattering
By considering Kolmogorov's refined hypothesis, asin the atmosphere. None of these references, however, con-
well as the work of Gurvictet al,'! who studied intermit-  sidered the effects of intermittency.
tency in radio propagation, Wilsoet al® derived a revised We begin the theoretical development by assuming the
intensity pdf for full saturation. Their theoretical develop- Pressure amplitudey, has a Rice—Nagakami distribution in
ment is based upon using a locally defined mean intensitythe form
AZ+AL| [ AA,
Zo( ) 9

To, in the form A ;{
PA= 1 oA " 20 [P\ e

whereZ, is the modified Bessel function of the first kind.

_ . . . . .. Here, instead of zero mean as in the fully saturated case, the
Here,p(I[€) is the probability density function for intensity components of the complex acoustic p?/ess eand i
“ I I w |

cpn@hopet{upon the local value of turbulent k|r1~et|(; energynow each have meafy,. From Eq.(3), the resulting inten-
dissipation,é. The theory also uses the log-norrgdistri-

To= f:p(lré)ldl. (6)

bution sity pdf is
1 I +1 Vi
B 1 (INe€—m,)?| de P(|)=—exp(——” Io( ”), (10
P(é)de= exg —————|=, (7) lo lo 1o/2
N2mo, 20 €

wherel ,=A?%/2pqc, is the intensity of the unperturbed sig-
wherem_=(In¥) and o2=((In€—m,)?). This distribution is  nal, andl, is the mean intensity associated with the scatter-
well documented in the atmospheric literattfet* The final  ing. In this formulation, the mean intensity of the full signal
expression for the probability density function of intensity is (1)=1,+1,.
To account for intermittency, we follow the same theo-
1 J” 1 p( 1) retical arguments as Wilscet al® and extend the pdf to the
umeV), giving

local case(i.e., defined locally over a given scattering vol-
(In(To /(1)) + 0?12)?| dT, 1 | ¥
xex{ - —. (8) P(l |“e)=~—exp( - ”)Io( \/—“) . (1)

2 ~ ~ ~
20 lo I I o/2

P(l)= —ex
o7 T
0 0
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By definition, the intensity pdf can be written 1
P(I):f P(I[€)P(€)de. (12
0 0.8-
7]
Wilson et al® have shown thak, can be used as a surrogate &
for €. Therefore, Eqs(12) and (7) can be rewritten in the go_e-
form g
[=%
s
P(I)=f P(I|I (To)dTo, (13 go-“\f”\‘
5
S
and w 4 ]
0.2 ‘&\
- (InNTo—m)?)\ dl, pl
P(lg - | (14 .
N27o 20 lo % 0.2 0.4 06 0.8 1
h intermittency parameter, o
where
- FIG. 3. Normalized variancésecond momeitf intensity,m;, as a func-
o=((Inly— m)2>= (213)0.. (15 tion of the saturation paramet&rand intermittency parameter.
The variablem is defined such that the mean B{l) is (I), .
which, from Eq.(A13), gives D. Saturation parameter
—In((1)—1,)— o2/2 (16) When the diffraction parametét is much greater than
u .

1, Flatfeet al. suggest that amplitude statistics can be de-
Using Eq.(16) in (14) and substituting the result intd3),  scribed with a Rice—Nagakami pdf, where
the final expression for the intensity pdf is found to be

A

(19

P(l)=

foreo _ X Nothing thatA2/(A?)=1,/(1), we have from Eq(18) and

0 - ~
lo lo lo/2 Flatteet al’s Eq. (8.3.9
(In(To /()= 1)+ 0?/2)? | d, an S=1—exp —d?). (20)
exg — —
2052 To When the source—receiver ran@®,is much greater than the

. - . o integral length scalef, the strength parameteb can be
with the condition that the mean intensitly is greater than  gjven by

the unperturbed intensitly,. The integral in Eq(17) cannot ) 5 o
be solved explicitly, but it is straightforward to evaluate nu- =2kXu)RL, 21

merically. _ _ where (u?) is the variance of the refractive-index fluctua-
The two model parameters are the intermittency paramtions. The variancéu?) can be approximated from the ve-

eter,o, and the saturation parameter, S. In the Appendix, theocity fluctuations,u, and nominal sound speed},, using
saturation parameter is shown to take the form

S=1—1,/{u). (18 !

The saturation parameter, which characterizes the degree ¢
saturation, ranges from 0 to 1. For the fully saturated case o8}
(S=1), the intensity of the unperturbed signal becomes zero®
and the intensity pdf reduces to the result of Wilsral3
Both o and S can be determined for a given data set by E06}
imposing the condition that the experimental and theoretical g
pdfs have the same second momemtriance and third mo-
ment (skewnesps Equations for the moments are developed
in the Appendix. Calculated moments from the measure-
ments can be plugged into these equations &rand o
solved for using the Levenberg—Marquardt metf{ddrig-
ures 3 and 4 provide a graphical depiction of the dependenct
of the normalized variancéEg. (A23)] and normalized o , , ‘ ,
skewnesq Eq. (A24)] on the saturation and intermittency 0 02 0.4 0.6 0.8 1
parameter. For weak scattering<0.2), the intermittency intermittency parameter, o
has little effect on the moments. Thus, moment-matched valrig. 4. same as Fig. 3, but for normalized skewn@bd moment of
ues ofo in this region are likely to be unreliable. intensity, mj .

ameter,

np

satur

0.2[
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TABLE I. Summary of the test runs and meteorological conditions for the 1995 and 1996 Rock Springs field
experiments. See the text for explanation of variables.

Time Range Recording Mp AT Refractive

Run Date (local) (m) (min) (m/s) (K) (u?) conditions

RS95-A 18 Mar 95 1206 183 50 2.9 11 156  downward

RS95-B 18 Mar 95 1307 274 50 1.8 0.7 165 downward

RS96-A 1 Nov 96 0948 146 20 -6.2 <01 14E5 upward

RS96-B 1 Nov 96 0948 196 20 6.2 <0.1 1.4E5  downward
) (u?) located near the receiver. As during RS95, hourly averaged
(no)= 2 (22)  temperature data were collected at 2 and 10 m. For a detailed

0

description of the RS96 experiment, the reader is referred to
Traditional approaches to determining turbulent scaleRef. 21.
are usually restricted to the inertial subraﬁ@é:alculated A summary of the test parameters and meteorological
lengths scales are typically on the order of 1 m and do notonditions is given in Table | for both the RS95 and RS96
account for the large-scale dynamics of the turbulence. In thexperiments. Wind and temperature data are hourly averages,
context of scattering parameters, Wilébhas derived turbu- whereUp is the horizontal wind speed at 10-m height pro-

lent scale relationships, based on the isotropic vomK&a  jected along the propagation path, aid is the temperature
turbulence model, that include both small- and large-scalg; > m minus that at 10 m.

atmospheric effects. Specifically, the equation for the inte-
gral length scale is

140.0182 /2)(— 2, /L y0) 22 B. Data collection and analysis
. i i MO

14+0.12 -z /kLyo)?® (23 The RS95 acoustic data were collected on digital audio-
tape at a sample rate of 5000 Hz. Due to hardware limita-
tions, the digital signal was converted back to analog and
resampled at 8000 Hz on a Sun Sparc 5 workstation. Any
introduced aliasing and quantization errors were negligible
since the sampling frequency was a factor of 8 greater than
Il. EXPERIMENT the highest source frequency and the sampling had 16-bit
resolution. Once transferred to the workstation, the time data
were segmented into 1-s intervals. The intervals were win-
Two field experiments were conducted at Penn Statelowed with a Hann function, zeros padded, and transformed
University’s micrometeorological field site near Rock into the frequency domain using a 8192-point fast Fourier
Springs, PA. For both experiments, the test site was flat anttansform (FFT). The resulting FFT bin width was 0.9766
clear of significant cover, and the ground surface was hard;iz. A peak peaking algorithm was used to recover the signal
compact earth. magnitude at the frequency bin nearest the source tone
The first test, referred to as RS95, was conducted on 1peaks. Noise levels were estimated from the signal variance
March 1995. A source at a height of 1.5 m was programed tat a frequency near each source tone, and signal-to-noise
radiate continuous tones at 90, 200, 350, 500, and 660 Hzatios (SNR) were calculated. The mean SNR was greater
The receiver consisted of a microphone positioned at dhan 15 dB for all frequencies except 660 Hz, where it
height of 1.0 m on a portable stand. A DAT recorder wasdropped considerably due to the low signal strength. As a
used to make 50-min recordings at ranges of (B395-A result, 660-Hz data were not available for analysis. Approxi-
and 274 m(RS95-B. Winds were light and the sky clear. mately 3000 data points over the 50-min data sets were
Recorded concurrently with the acoustic data were wind veavailable to compute the intensity pdf. The normalized inten-
locities measured with a sonic anemometer atop a 10-reity was calculated by squaring the signal magnitude and
tower at the source. Hourly averaged temperature data wesealing so that the mean was 2.
also collected at 2 and 10 m. For the RS96 data, a Hilbert transform technique was
A second test, RS96, was conducted on 1 Novembeused on the first 20 min of the record to recover the time
1996. During these measurements, the receiver consisted ofaries at each source frequency. Specifically, the entire
microphone array mountde6 m high on a tower. A nomi- acoustic time series, recorded at a sample rate of 6000 Hz,
nally downwind source was positioned at a range of 146 nwas first zero padded and transformed into the frequency
(RS96-A), and an upwind source at 196 (RS96-B. The  domain using a Z-point two-sided FFT. The resulting spec-
upwind source radiated continuous tones at 50, 110, 19@rum, S(f), had a FFT bin width of 7.1810 *Hz. Signal-
260, 325, 395, 460, and 525 Hz. The downwind source radito-noise ratios were calculated directly from the power spec-
ated tones at 70, 130, 205, 275, 340, 410, 470, and 540 Hiral density. Due to microphone wind noise, data at the
A 16-channel DAT recorder was used to make 60-min redowest frequencies, 50 and 70 Hz, had low SNR values and
cordings. Winds were moderate to strong and the sky ovemere not analyzed further. At the remaining source frequen-
cast. Velocity data were recorded with a sonic anemometeties, filtered spectre§,(f), were computed by applying a

L=13%

where z is the height above ground; the atmospheric
boundary-layer inversion heighk, von Kaman’s constant,
andL o the Monin—Obukhov length.

A. Setup
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TABLE Il. Moments and model parameters. See the text for explanation of  14°

variables.
90 Hz
Moments Matched parameters
Run FrequencyHz) my mj o S
— 1

RS95-A 2 00 01 0.84 0.01 S0 ]
200 0.1 0.0 0.63 0.03 £
350 0.3 0.2 0.51 0.15 o
500 0.7 1.3 0.46 0.40 %

c

RS95-B 90 0.1 0.0 0.00 0.05 L -
200 02 01 0.00 0.10 £10
350 0.7 1.5 0.73 0.31
500 20 161 0.78 0.79

RS96-A 130 0.2 0.0 0.28 0.08 o
205 0.2 0.1 0.00 0.11 10
275 0.4 0.3 0.42 0.21 0 6 8 10
340 0.7 0.9 0.42 0.37 normalized intensity, |
410 0.9 1.7 0.44 0.51
470 1.2 3.4 0.44 0.75 FIG. 5. Experimentally determined intensity pdfrcles and model predic-
540 1.4 5.4 0.40 1.00 tion (solid line) for a frequency of 90 Hz. The intensity is normalized so that

(1y=2.0,5=0.05, ando=0.0.

RS96-B 110 0.2 0.5 0.98 0.10
190 0.8 0.5 0.00 0.40 _
260 0.3 0.3 0.57 0.15 propagation paths. It ranges from zero, for the fully saturated
325 0.3 0.2 0.25 0.16 case §=1), up to the mean value ¢f)=2 for the unsat-
igg 12 ‘7‘-3 8-22 2-(1)(1) urated case §=0). The magnitude of the tail changes in
595 12 3.9 0.53 0.68 response to the intermittency: the stronger the intermittency,

the greater the probability of higher intensities. Both of these
features are predicted well by the model for all four frequen-
cies considered. Note that for the two higher frequencies,
350 and 500 Hz, the measured pdf varies about the predic-
tions for values above about twice the mean. This variability
is observed for both RS98.-s time stepand RS96(0.04-s
time step, suggesting that the dominant variability in inten-
S{,‘V(f )y=sgn(f )exp(im/2)S,(f), (29 sity has time scales of the omdé& s orgreater.

where sgn{) is the sign of the source frequenéy The
intensity time seried,(t), for a given source frequency was

then computed from
_ 1 i 2 Our method for estimating the saturaFion parameter is
WO =7 S D +IFHSUEI, (25 based on Eqs(20)—(23). Values for the variancéu?), the
where 71 is the inverse FFT operator. The resulting time heightsz andz,, and stability parametet,,o are required.
step was approximately 0.04 s, giving over 28000 data

Hann window to the double-sided spectral pe¥kdhe
width of the Hann window was roughly twice the peak width
(0.2 Hz at 50 Hz to 4 Hz at 540 HizThe Hilbert transform
of the filtered spectrascv(f ), was computed as

D. Estimation of saturation parameter

points for evaluation of the intensity pdfs. 1o
C. Comparisons 200 Hz
The parameters- and S are determined from the mea-
sured second and third moments of the data. The measure=1g'} .
ments are equated to Eq#23) and (A24), as described in E‘
Sec. IIC. The results are summarized in Table Il for runs 8
RS95-A, -B, and runs RS96-A, -B. The normalized variance ;
(second momentand skewnesghird moment of intensity S
arem, andm;, respectively. The mean intensity) = 2. E10”
Data from RS95-B are considered for detailed compari-
son. The degree of saturation, as indicatedShyncreased
with frequency, from almost unsaturated propagation at 90
Hz to nearly fully saturated propagation at 500 Hz. Compari- - ,
8 10

sons between the calculated and predicted intensity pdfs ar
shown in Figs. 5—8. Agreement is excellent. The pdf magni-
tudes at the peak and tail are the significant features for contig. 6. same as Fig. 5, but for a frequency of 200 82 0.10, ando
parison. The peak value is associated with the correlateéo.o.

4 6
normalized intensity, |
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10’ : - - ' =693 m. The corresponding value gfis 15 m.

The saturation paramet&is estimated from the meteo-
rological parameters using Eq21) and(20). The results are
shown in Figs. 9 and 10 for RS95 and RS96, respectively,
along with the moment-matched values. All moment-
matched data monotonically increase with frequency with
the exception of RS95-B, where the strong presence of a
ground-reflected ray path may be affecting the received sig-
nal. The RS96 estimates generally agree to within a few
orders of magnitud&® Estimates for RS95 are much greater
than observed. This mismatch may be due, in part, to an
overestimation of the strength of the convective boundary
layer, which would lead to an overestimate fand S

-1

pre
o

intensity pdf, p(l)

-
o

0 2 4 8 8 10 E. Discussion
normalized intensity, |

FIG. 7. Same as Fig. 5, but for a frequency of 350 8z0.31, ando 1. Asymptotic limits

=0.73. In the asymptotic limit of the ratio of the real ampli-
tude’s mean to varianced,/(y?)<1, the modified Bessel

The along-path wind velocity variande?) is computed function I.O goes to 1, and the .Rice.—Ngga'kami distribution,
from the sonic anemometer data, and the reference sourid: (9, simplifies to the Rayleigh distribution, E(). For
speedc, is found from the mean temperature and wind.the dlffract|on_parametefs much greater t_hgn 1, we refer to
Equation(22) is then used to find the refractive index vari- Ed- (20) and find that the asymptotic limit is reached when
ance(u2). Results are shown in Table . the strength parameteb>1. This places the scattering

The heightz for RS95 is set to the source—receiver Within the fully saturated region of Flattet al, where the

height of 1.0 m. For RS96, the determinationzofs more ~ Rayleigh distribution applies.

ambiguous since the source islam and the receiver at 6 m. In the opposite asymptotic limif, /(y*)>1, the modi-
fied Bessel function can be approximated dg(x)

The mean value of 3.5 m is chosen as a representative valu 5 ] ' AN
The inversion heightz, and Monin—Obukhov length =1/y2mxexpK),” and the resulting Rice—Nagakami distri-
bution[Eqg. (9)] becomes

Lvo are driven by the atmospheric forcing in the boundary
layer?? During the 50-min collection period of RS95, the A1 —(A-A,)?
weather conditions were sunny with low wind. The values P(A)= \ﬁ exp{ 5 . )
7,=1000 m and_,o=—10m are used as representative val- Auv2m(y?) 2(¢%)
ues for these conditiorfs.From Eq.(23), the resulting value  This function is observed to be Gaussian in shape with center
for £=108m. For RS96, the detailed atmospheric measurea ; and variance ¢%).%% For A>1, the asymptotic limit is
ments can be used to determineand Lo by fitting tem-  reached forb <1, placing the scattering within the unsatur-
perature and velocity data to mean profiles and energgted region. Here, Flateet al® used the log-normal distribu-
spectr&’ The calculations givelyo=—1320m andz  tion. This is consistent with the asymptotic limit, since the
log-normal distribution can be approximated by the Gaussian
distribution when the log mean is much greater than the log
variance.

(26)

2. Scintillation index
A common parameter used in the context of scattering is

=10
f: the scintillation index, defined &s
°
a 2 2
(5=
% Oscint™ <| >2 . (27)
3
10

Using Eq.(A18), it can be expressed in terms of the satura-
tion and intermittency parameters

Oscin=2S° expo?— 32+ 2S. (28)
107 , , . ‘ Contours ofo are given in Fig. 11 for various values of
0 2 4 6 8 10 andS. For no intermittency §=0), o iS one at full satu-
normalized intensity, | : . _ - . ;
ration (S=1). As the intermittency increase®;.., ap-
FIG. 8. Same as Fig. 5, but for a frequency of 500 Bz0.79, ando proaches 1 for sr.naller'and smaller valuesSofn addition,
=0.78. supersaturation, in whiclrg,>1, can occur as a conse-
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FIG. 9. Measuredsolid line) and estimateddashed lingsaturation param-

eters for RS95. FIG. 11. Contours of scintillation index as function of intermittency and

saturation parameter.

quence of intermittency. Aur=1, supersaturation is pre- ) _ ) _
dicted forS>0.4. Figure 12 gives the phase variance comparisons for the

An increase in intermittency results in higher signal 1996 experiment. The agreement is good for RS96-A and
variability and a higher variance in intensity. The scintilla- €xcellent for RS96-B. Comparison were also made for the
tion index in turn increases due to its formulation in terms ofRS95 data with similar results. The agreement between these

second-order statistics. Because of this statistical deperedictions and data supports the validity of £2@). There-
dence, this study suggests that, for cases of significant intefore, the weak saturation parameter predictions of Sec. llID
mittency, the scintillation index is of limited use as a satura-May result from the questionable validity of EQO).

tion descriptor.

3. Phase variance 4. Applicability

The saturation parameter estimates of Sec. IlID are in  The original derivation of the Rice—Nagakami distribu-
poor agreement with measurements. These estimates aiens was in the context of a deterministic signal in the pres-
based in part on the integral length scalg,as computed ence of noise. For our application, it is worthwhile to con-
from Eqg.(23). The validity of £ can be tested by comparing sider an interpretation of the acoustic signal in a similar
measured phase variance with predictions. context. The deterministic signal can be interpreted as that

In Fig. 2, the shaded region indicates the scattering dopart of the scattered signal associated with a stable, refractive
main for the Rock Spring measurements. All data fall withinpath. Noise can then be associated with the perturbations
the geometrical optics region, where the phase variance @bout it. The displaced meam,, indicates the relative

®2.° L is related to® from Eq. (21). strength of the refractive path with respect to the perturba-
10° F ' ‘ '
10'} 1
(D o~
§ 3
Z10” g
I S10°t i
© 3
2 «
o s
—— RS96-A o RS95-A
_2 . ‘ . RIS%TB gy . . . | —=— RS9%6-B
%50 100 200 300 400 500 600 060 100 200 300 400 500 600
frequency (Hz) frequency (Hz)

FIG. 10. Measuredsolid line) and estimateddashed ling saturation pa-  FIG. 12. Measuredsolid line) and estimateddashed ling phase variances
rameters for RS96. for RS95.
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paths become uncorrelated and the perturbations dominate fn(To (A2)

the scattering.
Flatte etal. restrict their discussion of the Rice— When the Rice—Nagakami pdf is used #®¢1[T), we

Nagakami distribution to the regiob~1 and A>1. The have

calculation of these scattering parameters is strongly depen-

tions. In the limit of full saturationA, becomes zero, as the o |~
)= J ol "P(II

dent on the turbulent length scales. If the turbulence is re- (To)= lenex A 7 \/E dl (A3)
stricted to the inertial subrange, the scattering for RS95 and "' ° T T2 '

RS96 falls within the above range. However, for the more 0 0

realistic length scales that include the large-scale turbulencdsing the identity

[Egs.(27) and(38) of Ref. 28, the scattering region falls in 1 (on

the rangeP~1 andA <1. The excellent agreement between  7(z)= Py fo exp(zcosh)dé, (A4)

the predicted and measured intensity pdf's suggests that the
Rice—Nagakami distribution as a deSCI‘iptor for the Scatterin%nd making a transformation from po'ar to rectangu'ar coor-

statistics can be_ extended far<1. i _ dinates,f,(To) can be expressed as a double integral in the
The extension of the theory to estimate the saturation

parameter(Figs. 9 and 1palso assumed <1. The incon-
clusive comparisons with the moment-derived values suggest lo T+t
that this approach, in particular E(R0), may not be appli- fa(lo)= jﬁlew x2= 21, Tox+1, o+ y?)"
cable, at least for this particular data set.
X exp(—x?—y?)dx dy. (A5)

V. CONCLUSION It is straightforward to carry out the integration for vari-

Turbulent intermittency causes temporal and spatiabus values of. The first three expressions are
variability in the scattering cross section and results in a -~ —
departure from the exponential distribution for fully satu- fa(lo)=loly+15, (A6)
rated intensity. Using a Rlce—Nagakaml dlstrlbqtlon, we can £o(To) =T ol 2 4T21 4+ 2T2, (A7)
account for correlated propagation paths for incompletely u 0
saturated signals. This distribution is used to derive an exand
pression for the intensity pdf that has two free parameters;

one quantifies the degree of intermittency and the other, the fa(To)=Tolg+ 915l 5+ 18151,+61¢. (A8)
saturation. The resulting first three moments from HA1) are

The theoretical pdf was compared to measurements over B
flat terrain at ranges under 300 m. Free parameters were (l1)=1,+(lg), (A9)
determined by matching the second and third moments of the _ _
data and model. Agreement was found to be excellent. (1) =15+41,(To)+2(T5), (A10)

The saturation parameter was estimated from the scat- a3 o ren o3
tering strength parameter, which was found, in part, from (1) =14+ 91(1o) + 181 (I5) + (I g)- (A11)
scattering length scales that include the influence of largett is more convenient to write these results in terms of the
scale turbulence. Predictions of the saturation parametgfitermittency parameter;. We note that theth moment for
from micrometeorological data were not reliable. the log-normal random variabITao can be written in the

form?®
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For the higher-order moments, it is more convenient to
APPENDIX: MEAN AND MOMENTS FOR THE write Eq.(A12) in the equivalent form
INTENSITY o

(y=o)"exgdn(n—1)c?/2]. (A14)

Starting with Eq.(13), which relates the pdf of intensity
P(1) to the conditional probabilityP(1[To), it follows that ~ Substituting this equation at=2 and 3 into Eqs(A10) and

the nth moment of intensity can be expressed as (Al11), the higher-order moments become
an= [ “Paynai- fwfn(T())P(To)%, (A1) o -
0 0 To (13y=13+912(Tg)+ 18 (To)2n+6{T0)°7°, (A16)
where we introduce the function in which 7= exp(@?).
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We now introduce the saturation parametes
=(To)/{1). When Eq(A9) is normalized byl), the intensity
of the unperturbed signall,, is expressible as

,={I)(1-S). (A17)

The normalizednth moment is defined am,=(1")/{1)".
Substituting Eq(A17) into Egs.(A15) and (A16) and rear-
ranging, the second and third normalized moments are

m,=2S?7p—3S?+2S+1, (A18)
my=6S°7°— 1837+ 18527+ 8S>— 1552+ 6S+1.
(A19)

Let us indicate th@th moment about the mean using the
following notation:

(=)
n <| >n .
The second momemn; is referred to as the normalized vari-

ance and the third moment; as the normalized skewness. It
can be shown directly from the definitions that

(A20)

my=m,—1, (A21)
mg=ms—3m,+2. (A22)
Substituting with Eqs(A18) and (A19)
m,=2S?7—3S?+2S, (A23)
my=6S7%+125%7— 18335+ 8S°— 652 (A24)

In Egs. (A23) and (A24), we have expressions for the nor-
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Sound propagation in a turbulent atmosphere
near the ground: An approach based on the spectral
representation of refractive-index fluctuations
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A new, rigorous approach is presented for the computation of the fluctuating field of a monopole
source in a nonrefracting, turbulent atmosphere above a ground surface. The time-averaged sound
pressure level is considered, as well as statistical distributions of the sound pressure level. The
computation is based on the Rytov solution of the wave equation for a turbulent medium, evaluated
for the half-space above the ground surface. The solution takes into account the ground reflection of
scattered waves, which has been neglected in previous work on this subject. The present approach
is based on a Fourier—Stieltjes representation of refractive-index fluctuations, and makes use of a
turbulent image atmosphere to account for the ground reflection of scattered waves. This approach
is rigorous only for a rigid ground surface, but it is shown that it also yields a good approximation
for a finite-impedance ground surface. The accuracy of the solution is demonstrated by comparison
with results of numerical computations with the parabolic equation method for a turbulent
atmosphere. The assumption of a nonrefracting atmosphere implies that direct application of the
solution is limited to propagation over relatively small distances. However, this study can also be
considered as a basis for a generalized solution for a downward refracting atmosphere, which can
be applied for larger propagation distances. 2@01 Acoustical Society of America.
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I. INTRODUCTION the computation of this quantity, Daiglet al. presented a
heuristic approach, which replaces a system with a ground
A remarkable phenomenon in outdoor sound propagasurface by an approximately equivalent unbounded system.
tion near the ground is the occurrence of large fluctuations irThis allowed the application of results from the literature on
the sound pressure field received from a source of constagjave propagation in unbounded turbulent media. The heuris-
strength. These fluctuations are induced by atmospheric tugic approach of Daiglet al. was generalized by L'ESpence
bulence. Experimental studfe$ indicate that the fluctua- et al8 to downward refracting, turbulent atmospheres.
tions are typically of the order of 10 dB, for propagation  |nspired by the work of Daigleet al, Clifford and
distances of about 100 m or mofgee also Refs. 539 Lataitis'® presented a more rigorous approach to the compu-
Theoretical studies of wave propagation in unboundedation of the time-averaged sound pressure level, and ob-
turbulent media have been presented by TatatSkfi, tained a result that is energy conserving. This approach was
Chernov,? Ishimard® and OstasheV. Ingard and Maling  pased on a rigorous evaluation of the Rytov integral along
have indicated that the fluctuations are considerably largehe direct ray and the reflected ray, and the solution contains
when the source or the receiver is near a ground surface. Thig empirical parameters. Inspection of EG#. and (8) of
is a consequence of the interference between the diregtjifford and Lataitis, however, reveals that the ground reflec-
waves and the waves reflected by the ground. Small phasg)n of scattered waves was neglect&dt will be shown
fluctuations in the direct and reflected waves may cause larggs|ow that this omission is equivalent to a truncation of the
fluctuations in the total field, in particular near interferencescattering volume, i.e., the integration volume of the Rytov

minima. 1517 ) solution. While this is a reasonable approximation for situa-
Daigleet al. have reported several experimental andijons in which the source and/or the receiver are not very

theoretical studies of sound propagation through atmospher'aose to the ground surface, the question arises whether the
turbulence near the ground. These studies have focused Rattering volume can be extended to include the ground

particular on the time-averaged sound pressure level, whicPufiection of scattered waves. In this article it will be shown
is the quantity commonly used for outdoor noise control. FOkp 4+ this is possible, at least for a rigid ground surface.

A turbulent atmosphere with both temperature and wind
dElectronic mail: salomons@tpd.tno.nl speed fluctuations will be assumed. The mathematical repre-
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sentation of such an atmosphere is based on the paraboli -
equation for a moving random mediuth?! It is assumed | (a) I&— scattering volume —>1 .
that the time-averaged atmosphere is nonrefracting, so the
direct application of the results is limited to propagation over
relatively small distances. However, the results can also be
considered as a basis for a generalized approach for a dowr
ward refracting, turbulent atmosphéfe.
The present article and the companion arfitleresent

two alternate approaches to the computation of the time- ground
averaged sound pressure level, in the limit of weak fluctua-
tions. Preliminary reports of the work described in the ar- :
®) (€— scattering volume ——>j s

ticles were presented in Refs. 20 and 22. The approach in th
companion article is a generalization of the original approach| ¢ource
of Clifford and Lataitis to moving random media with aniso-
tropic turbulence. The approach in the present article is base:
on the Fourier—Stieltjes representafidh*3of moving ran-
dom media with anisotropic turbulence. This representation
is based on a spectral decomposition of refractive-index fluc- "

tuations in the turbulent atmosphere. The Fourier—Stieltjes (©) l(—— scattering volume —)' A -
approach yields relatively simple mathematical expressions N
which allows us to derive asymptotic approximations of the | source direct 1
solution. Further, the Fourier—Stieltjes approach can be ex: |

tended to the computation of statistical distributions of the |

sound pressure level, as will be shown in this article. A com- F_-—_aAN\--- - - 1 2z,
parison will be made with the method developed by Hidaka

—

o
£ 5
scattered receiver

23 . L SRR . I N\direct I
et al“° for computing statistical distributions. A comparison -
will also be made with results of numerical simulations with I scattered
the parabolic equatiofPE) method?*?° taking into account I image Y.
the effect of the axisymmetric approximation in the PE | atmosphere | 1mage
method on the turbulent atmosphéfe. I , recetver

FIG. 1. Geometry of sound propagation from a source to a receiver in a
turbulent atmosphere above a ground surfé@eshows the physical system.
(b) and(c) illustrate two methods for computing the fluctuating part of the
Il. GEOMETRY AND ATMOSPHERE sound field, the heuristic method(B) and the rigorous method &). Thick
) . ) ) solid lines represent the sound rays corresponding with the direct and re-
A geometry is considered with a harmonic monopolefiected waves. Thin solid lines represent an example of a wave that reaches

source and a receiver in a turbulent atmosphere above the receiver by single scattering from a turbulent inhomogeneity in the at-

ground surfacésee Fig 1a)] It is assumed that the ground mosphere. Indicated are horizontal range source heightzg, receiver
) : heightz, , maximum vertical separatidnbetween the two sound rays in the

surface is rigid(the extension to a finite-impedance ground physical system shown ifa), vertical separatiop between the two receiv-

surface will be discussed in Sec. IV.EA rectangularxyz ers in the unbounded system shown(li, and vertical separationz be-

coordinate system is used, with the source at positiofween the two receivers in the unbounded system showo)in

(0,0z5) and the receiver at positiorL(0z,). The ground

surface is az=0. We assumé >z,z, . alizations of the turbulent atmosphere. It is assumed that the
The turbulent atmosphere is modeled as a random mdurbulence is homogeneous.

dium, with an effective sound speéd ceu(xy,2)

=CoVT(X,Y,2)/To+u(x,y,z). Here, the first term is the lll. GENERAL EXPRESSIONS

adiabatic sound speed in a medium with temperature distri- The fluctuating sound pressure field at the receiver is

bution T(x,y,z) (with cy the value of the adiabatic sound written as the sum of the direct field and the field reflected by

speed at the average temperaflige and the second term is the ground surface:

the wind speed componeutin the x direction. It is assumed -~

that the time-averaged atmosphere is nonrefracting, so that P=P1¥P2 @

the refractive index for a moving medidfin=cy/ces can  with

be written asn(x,y,z)= 1+ u(x,y,2), where the fluctuation exp(i[Kkr — ot]+ ) '

u has zero time averagéu)=0. Assuming that the tem- P;="Po ! 2 for j=1,2, 2)

perature fluctuatiom,=T—T, and the wind speed compo- rj/ro

nent u are small, one finds the relationu(x,y,z) where

=—1T.(x,Y,2)/To—u(X,y,z)/cy. This relation also follows . .

rigorously from the parabolic equation for sound propagation Yi=x;+1S;=In(p;/p; o) ©)

in a moving mediunt*?* Averaging over time will be per- with x; the log-amplitude fluctuation an the phase fluc-

formed by ensemble averaging over different random retuation, andp; o the value ofp; in a nonturbulent atmosphere
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(#=0). Here,p, is a constant acoustic pressutejs the F=9Xp(<X1X2>—%(Xf)‘%<X§>+(5132>—%<Si>—%<5§))-

angular frequencyt is the time,k=w/c is the wave num- (7

ber,ro=1m, r;=L?+(zs—z,)? andr,= JL?+ (zs+z,)>.
Following Clifford and Lataitis'® we assumer, <,

Again, terms of the ordefu*) and higher have been ne-
wherer,= 27/ w is the period of the harmonic waves and 9 (v g

glected here. The tern{y;S,) in the argument of the cosine

, function in Eq.(6) are small for weak fluctuatioh$(see Sec.
we assume that the relevant turbulent fluctuations are slow F) and will be neglected unless indicated otherwise. The
compared with the harmonic variations of the aco“St'CgeneraIization of Eq(6) for a finite-impedance ground sur-
waves. face is given in Refs. 16, 19 and 24ee also Sec. IV)E For

The actual sound pressure is equal to th_e real part of thg rigid ground surface, Eqé5) and(7) are equivalent to Egs.
complex sound pressupegiven by Eq.(1), and is denoted as (10) and(11) of the companion papér-

p;(t). The (fluctuating short-time average of the squared The computation ofAL ,) has been reduced to the com-
sound pressure ipf(t)=%pp*, an average over timeq, putation of the covarianced;Sy), (x;xi) and(S;S) (j,k
with 7,<7;<7. The correspondindfluctuating relative  —1 2 we will consider two different methods for the com-
sound pressure level.e., sound pressure level relative to nytation, a heuristic and a rigorous one. These methods will
free field is AL,=101g(p;(t)/p;1t)), Wwith pfift)  be referred to as methods A and B, respectively. Both meth-
=1p2ra/ri. The long-time average ip?(t))=(3pp*), an  ods are based on the Rytov approximation and therefore lim-
average over timer,, with 7,>7.. The corresponding ited to weak fluctuations. The two methods are illustrated in
(time-averageq relative sound pressure level i&AL,) Fig. 1. In both methods, the physical system with the ground
=101g (<pr2(t)>/(pr21’0(t)>)_ surface a_nd a single receiver is replaced by an unboundgd
From Egs.(1)—(3) one finds the relaticr?® system without a ground surface and two receivers. The di-
rect and reflected rays in the physical system are replaced by
two direct rays to the receivers in the unbounded system.
Below, methods A and B are explained in more detail. The
rigorous method B is explained first, as this makes the ex-
planation of the heuristic method A easier. Method A is simi-
lar to the method of Daiglet al1°~18
. ) . . . In the rigorous method B, the unbounded system con-
with AS=S,—S,. This relation will be used in Sec. V for gjgts of the original physical system above the ground surface
the computation of statistical distributions of the sound presz 4 its image below the ground surface. The image atmo-
sure level. For the generalization of E(d) to a finite-  gphere pelow the ground surface is an exact mirror image of
impedance ground surface, see Sec. IV E. For the long-timg,o atmosphere above the ground surfdwe we assume a

2
r r
AL,=101g| exp(2x;)+ r—% exp(2X2)+2r—l
2 2

Xexp(xy1+ x2) cos(kri—kr,+AS) (4)

average(ALp), we find from Eqs(1)—(3) rigid ground surface; we will come back to this assumption
r2 in Sec. I\). The image receiver is at height —z,, so the
(ALp)=101g{ (exp (2x1))+ —;<exp(2X2)> vertical separation between the two receivers z5.2The
M2 sound pressure at the receiver in the physical sy$féim

r 1(a)] is exactly equal to the sum of the sound pressures at the
+ r—[exp (i[kry—kro]){(exp (1 + ¥5)) two receivers in the unbounded systéfig. 1(c)]. This fol-
2 lows from the symmetry, but can also be shown mathemati-
cally using the integral representation of the Helmholtz equa-
+exp (—i[kra—kra])(exp T +2))] ;- (5  tion for a random mediunisee Appendix A of Ref. 21 As
an example, Fig. (B shows the path of a wave that is first
To evaluate this expression, we first note that conservation okflected by the ground and next scattered by a turbulent
energy implies (exp (2y))=1. Using the relatioh"*®  inhomogeneity. Figure () shows the corresponding path
(exp (2y))=exp (20')2(j+2<)(j>), with ‘T)Z(J-:<(XJ_<XJ>)2>' we along the image inhomogeneity in the image atmosphere.
find the relation(x;)=—o2 . Here, we have used the fact The symmetry implies that the contributions of the scattered
waves to the sound pressure are equal in Fi¢®. dnd(c).
As a consequence, the covariances in Egjsand(7) can be
computed for the system in Fig(d. This will be done in
Sec. IV.
The heuristic method A ignores the symmetry of the

that a Gaussian distribution can be assulhétfor y;; the
same applies t&;. A more complex derivation yields the
relation(S;) = —(x;S;) [see Eqs(B7) and(B8) of Ref. 21].
Terms of the ordeu*) and higher have been neglected

here. We find atmosphere in the unbounded system. As a consequence, we
rf r can apply the theory of wave propagation in unbounded tur-
(AL,)=10lg 1+r—2+2r—cos(kr1—kr2+<)(281) bulent media. In this theory, the covariancggx) and
2 2 (S;S¢) are usually denoted as correlation functiddg(p)
andBg(p), respectively, where is the separation between
—<X132>)F) (6)  the two receivers in the unbounded system. We haw
~(x5)=B,(0) and(S7)~(S5)=Bg(0). Thecoherence fac-
with coherence factol given by tor (7) becomes in this case
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I'(p)=exd B,(p)—B,(0)+Bg(p) —Bg(0)]. (8)  method?*? one nearly always assumes that the system has

axial symmetry around the vertical axis through the source.

The computation of sound propagation can then be per-
formed in two dimensions. The assumption of axial symme-

gy, however, also affects the turbulent atmospHéieor the

i . urpose of comparisons between analytical results and PE
the ground surfacgsee Fig. 12)]. Themeanvertical separa- results, it is therefore of interest to have an expression for the

t'?]n pet}/veer; the tV\éo_rat);]s IS tgen quéal %tbt botr:tlnhthel q bspectral density of an axisymmetric turbulent atmosphere. To
physical system an {Q € unbounded system. 1t Should barive this expression, we represent an axisymmetric turbu-
noted that Daiglest al.™> found best agreement with experi-

. ) lent atmosphere by a field(r) which is independent oy
1 —
mental data by setting=h instead ofp=h. It should be and homogeneous and isotropic in tke plane, so that

noted further that the sound pressure at the receiver in thg _ . . .
. . . =B, (VX?+Z9). In this case Eq(10 es, with the
physical systenjFig. 1(@)] is not equal to the sum of the ”(7 J’“( X+ : q(10) gives, wi
otationK = (xy,ky, k),

sound pressures at the two receivers in the system in Fig?.
1(b). The heuristic method A only approximates the coher-

Expressions for the functior,(p) andBg(p) are given in
Sec. IV. For the argumeni we use the maximum vertical
separatiorh=2z.z, /(zs+z,) between the two sound rays in

ence factor in Eq(6) by the expression in Eq8). For the D, (K)=F ,(VKi+&2)d(y), (1)
other quantities in Eq6) (r, andr,), the physical system in
Fig. 1(a) is used. where 5(«,) is the Dirac delta function and

In both methods, the scattering volume is limited to the

region between the source and the receigee Fig. 1L This -
means that backscattering is neglected. FL.(VK+ k)= (2m) ZJ f B,(VX*+2%)
It follows from Egs.(1), (2) and(6) that the coherence .
factor can also be defined as X exp(—i[ X+ k,z]) dx dz (12
* *
— (PP3)+(P1P2) , 9 is a function closely related to the two-dimensional spectral
(P1P3 )0+ {(PIP2)o density of u.(F).*® Equation(11) will be used for compari-

where index 0 is used for a nonturbulent atmosphere. W&ONS With PE results.
have identified the pressurps andp, as the pressures at the
two receivers in an unbounded systéRigs. 1(b) and (c)].
Therefore, the quantityp;p3) can be identified as the mu- B. Computational method A
tual coherence function for an unbounded medftiri Thus, The heuristi thod A f GneALL) is based
the coherence factdr is equal to the real part of the mutual £ e6 eu.rtﬁ 'tch me ho orf cot(ni}pu m@ F’)b ISE as;
coherence function, normalized to unity for a nonturbulent®” q.(6), wi € coherence fac () given by a.( )
andp=nh (see Sec. Il In this section, expressions are given
atmosphere. . . :
for the correlation functionB, andBgin Eq. (8) and for the
coherence factol’, first for homogeneous turbulence, next
IV. TIME-AVERAGED SOUND PRESSURE LEVEL for isotropic turbulence and for axisymmetric turbulence.

In this section, the heuristic method A and the rigorousThe expressions for isotropic turbulence are known from the
method B for computing the time-averaged relative sounditerature, but are included here for comparison with the ex-

pressure levelAL,) are described. First, a distinction is Pressions for axisymmetric turbulence.

made between isotropic turbulence and axisymmetric turbu-  Using the notationB;=B, and B,=Bs, the Rytov
lence. method yields the following general expression ®y (]

=1,2) for homogeneous turbulent®,
A. Isotropic turbulence and axisymmetric turbulence

1 o o0
The turbulent atmosphere is represented by the Bj(ﬁ)zzqﬂ_f de J' exp(i - pr)
refractive-index fluctuation(r). It is assumed that the tur- 0 o) -

bulence is homogeneoti$so that the correlation function of 2 _ .
w(f) can be written as (1) =(u(ry)u(fs) with 1=r; XH{IL7(1-7),x]®,(K) dry dxk, (13

2. The spectral densit ,(K) of u(r) is defined by with p and k=(«,,«,) two-dimensional vectorgindicated

by the arrows over the symbolsk= \«j+ k5, Hi(X,«)
=ksinGx