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The Reflections series takes a look back on historical
articles from The Journal of the Acoustical Society of
America that have had a significant impact on the science
and practice of acoustics.
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ARTICLE OVERVIEW

The influential invited review article of McIntyre ef al.' summarized
and extended an efficient approach to the time-domain modeling of
musical instruments that has spawned extensive applications and fur-
ther research ever since. Motivated in part by difficulties in the appli- sionTinéar ™ linear element
cation of frequency-domain methods to systems exhibiting strong i Lo ] element |y | (passive)
nonlinearities, the authors advanced a generalized model for self- oy (eq. 1) (eqs.10,11)
sustained musical oscillators in terms of coupled linear and nonlinear -

elements. The passive, linear responses of the clarinet, flute, and Reprinted with permission from M. E. McIntyre, R. T. Schumacher,
bowed-string were characterized in terms of simplified reflection and J. Woodhouse, J. Acoust. Soc. Am. 74, 1325-1345 (1983).
functions, extending Cremer’s “method of the rounded corner” for Copyright 1983 Acoustical Society of America (Ref. 1).
bowed-string modeling. The use of reflection functions led to significant

computational savings, by comparison with complete impulse

responses, or Green’s functions, because of the relatively short durations of the reflection functions. The nonlinear mechanisms of
each instrument, generalizing the Friedlander-Keller graphical formulation for bow-string interaction, were represented with approxi-
mate functions relating reed flow to differential pressure (clarinet), friction force to differential bow velocity (violin), and jet flow to
acoustic air displacement (flute). The coupling between linear and nonlinear elements was shown to follow a common procedure
involving the iterative solution of three equations at each step in time. Throughout, they presented examples demonstrating how time-
domain simulations could be used to analyze and understand fundamental behaviors of musical instruments that were hard to explain
using the then-predominant frequency-domain methods, such as pitch flattening and “wolf notes” in bowed strings, and oscillation
onset characteristics in clarinets.

qn

HISTORICAL BACKGROUND OF THE ARTICLE

This JASA “review/tutorial” article can be seen as the culmination and grand unification of a sequence of earlier publications focused
more specifically on either bowed strings or clarinets.>® According to Woodhouse,’ the key year was 1977, during which Schumacher
spent a six-month sabbatical in Cambridge. In the course of analyzing bowed-string dynamics and the propagation of the Helmholtz
corner as described by Cremer,® the idea of a time-marching algorithm was born and “coded up within a day” in FORTRAN 2 on a
Computer Automation LSI-2. The applications to the clarinet and flute were primarily conducted by Schumacher and Mclntyre, the
former having already conducted a sequence of simulations of wind instruments using an integral-equation formulation and the latter
having a particular interest in fluid dynamics.

IMPACT OF THE ARTICLE

Nearly 40 years since its publication, this article continues to be cited on a regular basis. As of early 2021, Google Scholar reports
519 citations in fields such as acoustics, mechanics, differential equations, and computer music. By highlighting the efficiency of the
computational approach, back in the early 1980s when computers were relatively slow, the authors helped create the field of efficient
computational modeling in musical acoustics. In particular, the authors noted that ‘“There is now no mathematical nor computational
impediment to running extremely realistic and detailed simulations of musical oscillators, which could lead to quantitative compari-
sons with experiment, and ultimately to simulations sophisticated enough to be useful as practical design tools in musical instrument
manufacture.” This statement has proven true even for real-time audio synthesis, by the current use of nonlinear iterative solvers in
real-time models for tube circuits and the like, in the domain of digital audio effects, particularly those formulated as nonlinear wave
digital filters. In the field of computer music, their models were adapted to various branches of digital waveguide synthesis,9’10 a
technology that appeared in commercial digital synthesizers in 1994 with Yamaha’s VL-1. While the article itself was focused on
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self-sustained oscillations with strong nonlinearities, the reflection-function approach gained significant popularity in the musical
acoustics community for both continuously and impulsively excited system modeling.

SUBSEQUENT DEVELOPMENTS

This article and its constituents influenced a wide range of subsequent research investigations, including applications of the reflection-
function approach in conical waveguides,'" brasses,'>'* and air-jet instruments.'* Recent developments in understanding bowed-string

dynamics still make use of the traveling-wave approach, expanded to include multiple dimensions of string propagation and even bow
vibrations."> And woodwind models continue to derive, at least in part, from the concepts presented in this article.'®'”

By GARY SCAVONE" and JULIUS O. SMITH?

1Computational Acoustic Modeling Laboratory, Schulich School of Music, McGill University, Montreal,
Quebec H3A 1E3, Canada

2Center for Computer Research in Music and Acoustics, Department of Music, Stanford University, Stanford,
California 94305, USA

(Published online 2 August 2021)

REFERENCES

M. E. Mclntyre, R. T. Schumacher, and J. Woodhouse, “On the oscillations of musical instruments,” J. Acoust. Soc. Am 74(5), 1325-1345 (1983).
M. E. Mclntyre, R. T. Schumacher, and J. Woodhouse, “New results on the bowed string,” Catgut Acoust. Soc. Newsl. 28, 27-31 (1977).
3ML. E. Mclntyre and J. Woodhouse, ‘“On the fundamentals of bowed-string dynamics,” Acustica 43, 93-108 (1979).
“R. T. Schumacher, “Self-sustained oscillations of the bowed string,” Acustica 43, 109-120 (1979).
SR. T. Schumacher, “Ab initio calculations of the oscillations of a clarinet,” Acustica 48, 71-85 (1981).
M. E. McIntyre, R. T. Schumacher, and J. Woodhouse (1981). “Aperiodicity in bowed-string motion,” Acustica 49, 13-32.
7J. Woodhouse (private communication, 2021).
8L. Cremer, “Der Einfluss des ‘Bogendrucks’ auf die selbsterregten Schwingungen der gestrichenen Saite,” Acustica 30, 119-136 (1974).
°J. 0. Smith, “Physical modeling using digital waveguides,” Comput. Music J 16(4), 74-91 (1992).

103, 0. Smith, “Efficient simulation of the reed-bore and bow-string mechanisms,” in Proceedings of the 1986 International Computer Music Conference,
Computer Music Association, Hague (1986), pp. 275-280.

115, Agullé, A. Barjau, and J. Martinez, “Alternatives to the impulse response h(t) to describe the acoustical behavior of conical ducts,” J. Acoust. Soc. Am
84(5), 1606-1612 (1988)..

12, Adachi and M. Sato, “Time-domain simulation of sound production in the brass instrument,” J. Acoust. Soc. Am. 97(6), 3850-3861 (1995).

I3R. D. Ayers, “Impulse responses for feedback to the driver of a musical wind instrument,” J. Acoust. Soc. Am. 100(2), 1190-1198 (1996).

M. P. Verge, A. Hirschberg, and R. Caussé, “Sound production in recorder-like instruments. II. A simulation model,” J. Acoust. Soc. Am. 101(5),
2925-2939 (1997).

'SH. Mansour, J. Woodhouse, and G. Scavone, “Enhanced wave-based modelling of musical strings. Part 2: Bowed strings,” Acta Acustica United with
Acustica 102, 1094-1107 (2016).

168, Gazengel, J. Gilbert, and N. Amir, “Time domain simulation of single reed wind instrument. From the measured input impedance to the synthesis signal.
Where are the traps?,” Acta Acust. 3, 445-472 (1995).

175, Kergomard, P. Guillemain, F. Silva, and S. Karkar, “Idealized digital models for conical reed instruments, with focus on the internal pressure wave-

form,” J. Acoust. Soc. Am. 139(2), 927-937 (2016).

R4 J. Acoust. Soc. Am. 150 (2), August 2021

COUSTICAL SOCIETY
OF AMERICA



https://doi.org/10.1121/1.390157
https://doi.org/10.2307/3680470
https://doi.org/10.1121/1.397174
https://doi.org/10.1121/1.412398
https://doi.org/10.1121/1.416303
https://doi.org/10.1121/1.419481
https://doi.org/10.3813/AAA.919026
https://doi.org/10.3813/AAA.919026
https://doi.org/10.1121/1.4942185

	s1
	s2
	s3
	s4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17

