15th International Congress on Acoustics (ICA�95), Trondheim, Norway, June 26-30, 1995Title of the paper:Direction-Dependent Physical Modeling of Musical InstrumentsAuthors:Matti Karjalainen1,3, Jyri Huopaniemi1 and Vesa V�lim�ki1,2Affiliations:1Helsinki University of Technology, Laboratory of Acoustics and Audio Signal Processing,Otakaari 5 A, FIN-02150 Espoo, Finland2CARTES, Ahertajankuja 4, FIN-02100 Espoo, Finland3Stanford University, CCRMA, Stanford, CA 94305, USA

SUMMARYModeling the directional behavior of musical instruments has several attractions both in researchand application of sound synthesis and room acoustics. It is known that due to the directionalproperties the tone quality of the instrument can vary remarkably as a function of direction. Toour knowledge, directivity has not been incorporated before in model-based sound synthesis ofmusical instruments. We have designed a simulation system using physical models of pluckedstring instruments and wind instruments. Both real-time and non-real-time simulation environ-ments include radiational characteristics of these musical instruments. As an example, we havemeasured and modeled the directional properties of the trumpet. Several methods for incorporat-ing radiation directivity in sound synthesis models are introduced.MODELING OF MUSICAL INSTRUMENTS USING DIGITAL WAVEGUIDESThe term physical modeling is used for simulation of acoustic-mechanical principles found inmusical instruments. By means of physical models it is possible to simulate quite detailed effectsof sound generation. Digital waveguide modeling employs digital filter representation of wavepropagation [1]. This allows for real-time synthesis on modern signal processors. The physicalmodeling approach may be extended to include the directional characteristics of the musicalinstrument. This is of great interest, e.g., in room simulation and virtual reality environments,where the sound source (the physical model) can be moved in an acoustic space [2].Model for Plucked String InstrumentsThe main elements of a plucked string instrument are as shown in Fig. 1. Each string is a dis-tributed subsystem that starts to vibrate when excited (e.g., plucked). The strings are coupled tothe body and may also interact with each other (sympathetic vibrations). The body or a sound-board is a complicated resonator that is needed for acoustic amplification, sound radiation, andcoloring of the sound.

String 1Body

Sound Radiation

ExcitationString 2String N

digital delay linedigital delay line

Excitation

Rl(z)Rr(z)

OutputFig. 1. Model for a plucked string instrument. Fig. 2. Digital waveguide string model.The general solution of the wave equation for a string is composed of two independent transver-sal waves traveling in opposite directions (see, e.g., [3]). At the string terminations the wavesreflect back with inverted polarity and form standing waves. The losses in the system damp the

Fig. 3.A waveguide model for a wind instrument.mination filters as illustrated in Fig. 2.the order of the parts. In practice, we use a combined excitation that includes both the string exciby several orders of magnitude.Model for Wind Instrumentsradiates from the mouthpiece and the latter to that radiated from the end of the bore.MODELING THE DIRECTIVITY OF MUSICAL INSTRUMENTSweak and can be neglected in the simulation.bell). Another noticeable factor in the modeling of directivity is masking and reflection caused bylistener and sound sources are freely moving in a space.tering, 2) a set of elementary sources, and 3) a direction-dependent excitation.Directional Filteringillustrated in Fig. 4a. The output of each filter represents the response of the instrument to a parti

Fig. 4. b) a set of elementary sources, and c) a direction-dependent excitation.�Pole-zero directivity filters were obtained by division of the transfer functions:(1)�erence magnitude spectrum at 0� is assumed to be flat.auditory smoothing to the responses before designing the filters. This is well motivated due to thecritical band frequency resolution of the human hearing.

isticsofthetrumpetatdifferentangles.Set of Elementary Sourcesmodel and each of them produces an output signalas illustrated in Fig. 4b. This approach is

to the modeling of the flute as shown in Fig. 3 (see [6]).Direction-Dependent Excitationtering technique is normally the most efficient one. A first or second-order filter approximation isoften a satisfactory solution in a real-time implementation.Application to Virtual Acoustic Realitycussed in a companion paper [8].CONCLUSIONSenvironments for physical models of musical instruments [8].REFERENCES[1] J. O. Smith, �Physical modeling using digital waveguides,� Computer Music Journal, vol. 16,no. 4, pp. 74—87, Winter 1992.455—462, Sept. 12—17, 1994.York,1991.York,Oct.1991.Convention, Paris, France, Feb. 25—28, 1995.(ICASSP�92), San Francisco, CA, vol. II, pp. 249—252, March 23—26, 1992.Computer Music Conf. (ICMC�93), Tokyo, Japan, pp. 64—71, Sept. 10—15, 1993.Trondheim, Norway, June 26—30, 1995.