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ABSTRACT

Nonlinear and structure sensitive internal friction phenomena in materials are used

for characterizing musical instruments. It may be one of the most important factors in-

fluencing timbre of instruments. As a nonlinear dissipated system, chaos and fractals are

fundamental peculiarities of sound spectra. It is shown that the concept of multirange

fractals can be used to decompose the frequency spectra of melody. New approaches are

suggested to improve the fabrication, property characterization and physical understand-

ing of instruments.
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1 Introduction

Comparing to progress of sciences and high techniques, musical instruments, especially

the excellent musical instruments, are still made by handicraft. Masters play important

roles in the fabrication of excellent musical instruments. Why is the situation of musical

instruments so? Let us at first analyze the fabrication of three different kinds of instru-

ments. Unlike the traditional musical instrument, the quality of HIFI audio products is

perfectly decided by technical parameters; such as, frequency response, nonlinear distor-

tion, dynamical region etc. For electronic synthesizers, besides technical parameters, some

performance experiences can be measured precisely, for instance, to evaluate the best elec-

tronic synthesizer KUZWER 250, the subjective criticism of pianists is equally important.

At least, we believed the existence of an objective scientific standard of qualification of

musical instruments, though not ail of them.

We know that inertia, elasticity and internal friction are three necessary physical prop-

erties that must be considered for making instruments with nice resonance phenomena.

The height and width of a resonant peak is decided by internal friction of materials. The

quality of a musical instrument, we think, is as closely related to internal friction as the

other two. However, up to now, it was paid less attention in this field[l,2].

Unlike inertia and elasticity, internal friction is very sensitive to the structure of mate-

rials^]. Using internal friction, we may control the microstructure of materials and then

the quality of musical instruments.

Internal friction becomes amplitude dependent when the strain of vibration is larger

than a critical value, which is of the order 1E-6 to 1E-5. For playing instruments, the

strain amplitude is possibly over this value. The nonlinear phenomena must be taken into

account. One of the present authors has listed a series of examples on chaos and fractals

phenomena in music [4]. Unfortunately, little attention has been paid to this problem.

Mandelbrot's fractal geometry has revolutionized the application of non-Euclidean

geometric concepts to natural sciencee[5-7], Voss (1986) [8] applied this concept to musical

melodies and found that music has the same blend of randomness and predictability in

1/f noise. All types of music share this l/f noise base. (This is the case of /? = 1, in i

noise.) Sapoval (1986) [9] showed that fractal boundary conditions drastically alter the

properties of wave excitations in space. He did experiments on the excitations of a fractal

drum and showed the existence of localized modes. Lung (1993) [10,11] pointed out that

in materials (including musical instruments) there are many kinds of structure able to



form fractals. The property of the material is the total contribution of these elementary

fractals. They may exist in different ranges of scale. In many cases, they do not mix

with each other in every generation. Each one has its own seif-similar system rather than

forming one self-similar system of multi-scaling with same fraction of population in every

generation. They superpose in the material. According to this point of view, we will give

the 4 phenomenon of the music a new explanation.

2 Internal friction and musical instruments

Materials with high damping property are not suitable for making violins. If we play

the violin made by this kind of material, we can hear only noise without resonance and

the pitches are discrete due to its amplitude of vibration damping out too fast. On the

other hand, materials with very low damping capacity are also not suitable. In this case,

the former tone would interfere with the next one to destroy the melody. The internal

friction of an instrument should be then controlled in an appropriate range according to

the request of melody.

Up to now, we have little knowledge on the internal friction of wood, varnish and

cemented materials. Roughly speaking, if we assume it being independent on frequency

under the same amplitude of vibration, the attenuation, u is given by

a = ^Q- ' /2 (1)

where Q'1 is the internal friction, u is the angular frequency. Eqn.(l) shows that the

higher the frequency is, the larger the component attenuates. That means, the damping

effect is a main problem in high frequency range. In this case, low internal friction

materials are preferred. Suppose the timbre is composed by a set of vibration functions.

One of them is *(/o, f,e,t), where / = n/o, fg is the fundamental frequency of a given

pitch, and n is an integer. Up to now, we have not enough knowledge of the function

* for the musical instrument. If we consider the dependence of the internal friction on

amplitude, the function of timbre may be written as

*</o,/,e,t) = *(/o,/)exp(-/Q- l{e)t/ir) (2)

where Q"'(e) is the amplitude dependent internal friction, e is the instantaneous ampli-

tude of the frequency, / . The variables in function $ have been separated and function

$ has only two variables, /0 and / = n/0. This function becomes easy to be handled.

3

The damping resonance of a violin is calculated as follows. For simplicity, we assume

the material is isotropic elastic. The normal displacement amplitude of two thin plates of

the violin satisfies the following equation] 12]:

--i\ -D(x,y)u=F{x,y)
dv4i (3)

where M is a constant proportional to the complex Young's modulus[l] of wood, D is

proportional to the density and the square of frequencies and F is the amplitude of the

applied force. This equation can be solved associated with eqn.(3) numerically under the

conditions of the clamped boundary displacement at the rib of violin, the free boundary

at F holes and the motion of sound post which transmits the vibration of the top plate

to bottom plate. Figs.la and 1b show the real and imaginary parts of the displacement

amplitude at a resonant peak of the bottom plate. Figs.2a and 2b are sound spectra of

top and bottom plates of a violin. Fig.3 shows the displacement amplitude of the air

layer above F-holes of violin. In Fig.3, two resonance peaks appear. One of them named

Helmholtz resonance peak has been reported previously. The width and the reciprocal of

height of these peaks aro proportional to the mean value of internal friction.

In general, a good violin can be made by materials of high elastic modulus, lower

density and appropriate value of internal friction. Materials with low density and low

internal friction are essential for instruments with plenty of high frequency components

in their sound spectra. From eqn.(3), vv may adjust the parameters to change the value

of internal friction and then the behavior of the violin.

Many research works were done to investigate old Italian violins, particularly for the

Stradivari violin[l,2,13]. The results are still unsatisfactory at present. If the difference

between Stradivari violin and others reported by Ref.[l3] is that the former has a charac-

teristic of increase in the spectrum of compliance from Ikhz to 4khz. Now, we may add

another factor, the internal friction, as, at least, one of the main factors among them to

adjust it.

3 Chaos and the sound of the instrument

The bifurcation and chaos, i.e., the double period oscillation, occur frequently in music.

A Chinese musician can perform beautiful melodies with a special wood wind instrument,

which is like a short souna. Usually, the sound is very high and loud, but he can control

with his tongue to change the air How into turbulence, and let it sound like the lowest

pitch of a fiute. Then, the anomalous chaos in music occurs. The Chinese tam-tam is



well known as an excellent percussion instrument. It is made up of casting of brass.

The shape is a shallow spherical plate. It was thought easy to imitate a tam-tam with

modern metallurgical and mechanical techniques. The large imitation one was soon made.

Unfortunately, no sound of true timbre oforiginal tam-tam occur though the shape was

exactly similar. It was found that the first strong blow to a new made tam-tam is very

important. The strong blow produced a local plastic deformation and fresh dislocations.

The nonlinear internal friction induced by the local fresh dislocations is a source of the

good quality of the tam-tam. Works on the sound spectrum of tam tam showed that the

low frequency spectrum increased in the first one second; then, it changed into different

high frequency components by an undefined nonlinear interaction[14]. It was weil known

that collective motions of dislocations can produce acoustic emission [15]. So the fresh

dislocation is responsible for this kind of nonlinear interaction.

4 Fractals and sound of instruments

Prom the point, view of multirange fractal[lO], the melody fluctuation spectral densities

reported by Voss[8] may be decomposed to several elementary pitch fluctuations. The

differences among Struss, Bethoven and others seem distinguishable, though the general

curves of them seem all approximate to j noise.

Let us assume two fractals with different values of 81 and 0-2 (say two kinds of musical

instruments), their scale ranges are also different (e.g. one in(/0, f2) and another i n ^ , /3) ,

respectively), where /; is the frequency of sound wave, /o is the initial frequency, usually

the highest one. Assuming that their scaling ranges overlap each other partly in the range

Uitfi)- According to the method of multirange fractals proposed by one of the authors

[10,11], the total pitch fluctuation ST(f) can be calculated in three different ranges (use

fa as unit, then, f0 = 1).

1, / > /•

ST(f) = (i)"' (4)

2, h > f > h

where P is the fraction of population of fl\ fractal,

(5)

3, h > f

These equations are equivalent to eqn.(9) in ref.[ll], (in this case, f = £ ', A = 1 — £>;).

Fig.4 shows the ST(f) vs. / / /o relationship in a double logarithmic plot. The curve

of a = 5 (curve 1) approximates straight lines at the two ends, but appears a transition

region from f/fo = 0,03 to 0.2. The overlapping frequency band A / is given by

when a = 1, A/ = fo — f3\ that means the two fractals overlapping in the whole frequency

band. When a = (j*)', A / = 0: that means the two fractals never overlap each other.

When a = 5, A/ = 0.2 - 5/3; f3 = 0.(106, if f2 = 0.03. The overlapping frequency band

is A/ = 0.2 — 0.03(///0). That means, it overlaps partly as shown in curve 1 of Fig 1.

The parameter a represents how large the overlapping frequency range is.

In Fig.4, curve 2 (a = 1) approximates a straight line though not a rigorous one. The

slope is near —1.09. In music, a = 1 is the case of unison. When a = 5, perhaps the

case of duet or chorus. Apparently it. seems that curve 1 deforms quite largely, though

curves 1 and 2 have the same values of jii and 02. The width of the overlapping band

is quite sensitive to the general feature of the curve. For music, any musical instrument

has its sonic frequency band: The frequency range of a violin is different from a cello.

A flute is different from a piccolo. The qualitative difference between curves 1 and 2

shows that the method of multirange fractals provides a possible way to understand the

physical sources of various types of music. Any symphony is composed of melodies from

various musical instruments. To decompose it into many single ones is quite difficult

and is not unique at least from mathematical points of view. The first question is, how

many elementary processes it. should be decomposed into. It is not easy to decide in

general, say decomposing a composite positron lifetime spectra or a composite internal

friction peak. However, for the music, the situation is different. The number of kinds of

musical instruments played in the concert has been known already by the conductor or

composer, Furthermore, if we have knowledge on every single one (we may record it from

a recital) then we think that to distinguish types of music from each other in the y noise

by decomposing it with method of multirange fractals is possible.

SapovaTs experiment showed that the fractal structure of a musical instrument drasti-

cally influences the properties of wave excitation. The relationship of the fractal structure

of the materials with that of sound wave is another important thing to be understood. If



it is true that a material with structure of high fractal ditnension would strongly damp

down wave excitation in space as described by Sapoval, it is inappropriate to use it for

playing lento or adagio music. On the other hand, a material with structure of very low

fractal dimension is inappropriate to use for playing allegro or presto music. The former

tone would interfere with the second one to destroy the melody. To associate internal

friction measurements with fractal structure analysis is helpful for this purpose.

The earliest example of fractals in music is probably the old Chinese imperial standard

of pitch. Once a standard length of flute was selected to produce a pitch, another flute of

its 2/3 (or 4/13, if the pith is higher than the octave of the first pitch) length was used to

produce the next one. This process can be repeated up to 64th piteh[lC].

The famous YAMAHA frequency modulation (FM) technique was originated from

Chowning's work[17,18]. In fact, frequency modulation is only a special case of the fol-

lowing self-similarity transformation

= G(G(G( ) (8)

In the case of FM, G function is taken as sine function. Of course we can use other

functions instead of the sine function. It is not difficult to carry out self-similarity trans-

formations in digital technique. Further applications of the concept of fractals to musical

instruments are hopeful.

Musical physics is an interdisciplinary field. There are many research works worth-

while. We think that internal friction associated with chaos and fractals may promote

the fabrication and physical understanding of musical instruments in the near future.
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FIGURE CAPTIONS

FIG.la The displacement amplitude distribution of the bottom plate for a violin model

at the resonance frequency 21G5 hz (real part). Y direction is along the axis of the violin

model.

FIG.lb The displacement amplitude distribution for the same condition of FIG.la

(imaginary part). The imaginary part is larger than the corresponding real part at reso-

nance frequency.

FIG.2a The sound spectrum of the top plate for a violin model. A pair of forces normal

to the plane with the same amplitude but different signs was acted on the left and right

foot of the bridge respectively. The ordinate is the displacement, amplitude at the point

pressed by the left foot of the bridge. The abscissa is the frequency of applied torque.

FIG.2b The sound spectrum of the bottom plate for the same vioiin model of FIG.2a.

The ordinate is the amplitude of displacement at the point contacted with sound post.

FIG.3 The displacement amplitude of air layer above F-holes for a violin as a function

of frequency.

FIG.4 The calculated logS(f) - W(/ / /o ) curves for a = 1 and 5. {pi = 1.2; & =

0.8, Pi = P2 = 0.5). /o is the highest frequency of sound waves, (i) Curve 1: two fractals

in different f/fo ranges with overlap, (ii) Curve 2: two fractals overlap all in the same

f/fa range.
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