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Preface

This work is the summary of my research about physics-based sound synthesis of string
instruments. Physics-based sound synthesis is a promising approach, which has several
advantages over the commercially most often used sampling synthesizers. However, due to
its significantly higher computational complexity and its lack of ability to model the impor-
tant nuances of the instruments, the physics-based technique has only marginal commercial
applications. My goal was to develop such methods that increase the competitiveness of
the approach by either providing better sound quality or decreasing the computational cost
compared to earlier physics-based methods. Most of the results have been developed with
the application to the piano, but they can be directly used in the synthesis of other struck
or plucked instruments, too.

The first part of the thesis concentrates on the development of parameter estimation
techniques for the digital waveguide, the most often used string modeling technique, pro-
viding more accurate control over the decay of partials. This is followed by the development
of multi-rate techniques that increase the efficiency of modeling the excitation, the beating
and two-stage decay, and the filtering effect of the instrument body. However, certain
important features of the sound, e.g., phantom partials, cannot be reproduced by linear
string models. Therefore, the second part of the thesis concentrates on the development
of nonlinear string models that are able to capture the characteristic subtleties of the tone
generated by the nonlinear coupling of the transverse and longitudinal polarizations. For
forming the basis of sound synthesis algorithms, a theoretical framework on the generation
of longitudinal vibration is also developed. Thus, the structure of the thesis follows the
progress of my research by proceeding from simpler linear models to more complicated
nonlinear techniques.

Most of this work has been carried out at the Department of Measurement and Infor-
mation Systems, Budapest University of Technology and Economics, Hungary. First of all,
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Chapter 1

Introduction

Physics-based sound synthesis is on the borderline of acoustics and digital signal processing.
Building a physics-based sound synthesis model has two steps: the first is to understand
how the real instrument works and to construct a precise model that describes the physical
reality. The second step is to implement this model on a computer or a dedicated hardware.
This means the temporal and spatial discretization of continuous-time equations. More-
over, often some simplifications are necessary due to the limited computational resources.
These simplifications are usually carried out in a way that the perceptually less significant
effects are neglected. Naturally, the first step is skipped if the phenomenon that should
be modeled is well understood. This often happens as physics and acoustics have a much
longer tradition compared to developing efficient signal processing algorithms.

1.1 Physics-based Modeling as a Sound Synthesis Technique

Sound synthesis methods can be classified in many ways. Here we divide them into three
groups, by unifying two groups of the classifications found in [Smith 1991; Tolonen et al.
1998|.

The first group is the family of abstract methods. These are different algorithms
which can easily generate synthetic sounds. Methods like frequency modulation |[Chowning
1973| and waveshaping |[Le Brun 1979; Arfib 1979| belong to this category. Modeling
real instruments with these methods is fairly complicated as the relationship between the
parameters of the technique and those of the real instruments cannot be easily formulated.
As now the primary goal is to model the sound of acoustic instruments, we do not discuss
this group any further.

The second group (signal modeling) is the one which models the sound of the musical
instruments. In this case, the input to the model is only the waveform or a set of waveforms
generated by the instrument and the physics of the sound generation mechanism is not
examined in detail. Synthesis methods like PCM (Pulse Code Modulation) [Roads 1995]
and SMS (Spectral Modeling Synthesis) [Serra and Smith 1990| belong to this category.
The corresponding groups in the taxonomy of Smith [1991| are processing of pre-recorded

samples and spectral models.
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The third group (physical modeling) is the one which, instead of reproducing a specific
sound of an instrument, models the physical behavior of the instrument. Usually, the
physical system (such as a string on a violin or the skin of a drum) can be described with
a set of difference equations and transfer functions. Given the excitation of the instrument
(bowing, plucking, etc.), the difference equations can be solved (or the general solution
can be applied for the given input), and the output of the model is expected to be close
to the output of the real instrument. One well-known method in this category is the
digital waveguide synthesis [Smith 1992|, which efficiently models the vibration of a one-
dimensional string, based on the solution of the wave-equation. A comprehensive review
on the different physics-based modeling approaches can be found in [Valiméki et al. 2006].

Both of the two latter methods have their own advantages and disadvantages. Signal-
based synthesis can be realized efficiently, and the generated sound is usually an accurate
model of the response of an instrument for a given excitation. The method can be used if
the excitation is nearly constant, or the instrument is linear to a good approximation. Its
greatest advantage is the simple parameter estimation and that the same model structure
can be used for many different instruments. In contrast, physical modeling is capable of
the accurate modeling of nonlinear, transient responses of an instrument. It is able to
respond dynamically to different excitations similar to a real instrument. However, usually
physical models require more computational resources for real-time implementation. A
strong disadvantage is that the parameter estimation of physical models is much more
complicated, compared to signal models.

In the next subsections, the signal-based and the physics-based approach is compared,
from the point of view of their applicability. The main features of the methods are listed
in Table 1.1. Then the most important properties of the some example instruments are
described, serving as a basis for the choice among the synthesis methods. We note that an
exhaustive evaluation of many different sound synthesis methods can be found in [Tolonen
et al. 1998|.

1.1.1 Signal-based Approach

The signal-based approach models the sound of the instrument itself. Accordingly, it
does not make any assumptions on the structure of the musical instrument, only that the
generated sound is periodic. Therefore, it can model a wide range of instrument sounds,
since they differ in their parameters only, not in the model structure, which is, e.g., a set of
sinusoids for each instrument. As it is a general representation, its parameter estimation
is simple, basically reduces to tracking partial envelopes, which can be easily automated.
In general, a large amount of data is required to describe a given tone, but this specific
tone from which the parameters originate, is almost perfectly reproduced. As the structure
of the instrument is not modeled, the interaction of the musician cannot be easily taken
into account, meaning that, e.g., for different bow forces or velocities in the case of the
violin different parameter sets are required for resynthesis. In practice, this means that for
a single note the analysis procedure has to be run for all the different playing styles that
a player can produce, and a large amount of data has to be stored or transmitted. As it
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Method Signal modeling  Physical modeling
Assumptions on the structure Poor Yes
Generality Yes No
Parameter estimation Simple Complicated
Nature of parameters Abstract Meaningful
Number of parameters Many Few
Modeling a specific sound Precisely Approximately
Interaction of the musician Hard to model Modeled
Interaction of instrument parts Hard to model Modeled

Table 1.1: Main features of signal- and physics-based sound synthesis methods.

treats the notes separately, the interaction of the different notes, e.g., the coupled vibration
of strings, cannot be modeled. Changing the parameters of the synthesis program directly
is not user-friendly: dozens of parameters can be changed, which all influence the sound
in a different way compared to musicians got used to it in the case of real instruments.
The quality and the computational load of the synthesis is usually varied by changing the
number of simulated partials, which is probably not the best way from a perceptual point
of view.

1.1.2 Physics-based Approach

The physics-based approach models the functioning of the instrument, rather than the
produced sound itself. It makes assumptions about the instrument it models, therefore, it
looses generality. A piano model, e.g., cannot be used for violin modeling by just changing
its parameters, since the excitation model is completely different for the two instruments.
Consequently, the parameter estimation cannot be completely automated, at least the
model structure has to be determined by the user. As the model structure already describes
the main features of the instrument, only small number of parameters are needed, and
modifications to these parameters produce perceptually meaningful results. For example,
the user now controls the bow force, rather than the loudness of a single partial, and the
instrument reacts in a way as a real violin would do. Therefore, only one parameter set
is required, since the different playing styles according to the interaction of the musician
are automatically modeled. As it describes the physical structure, the interaction of the
different model parts are also taken into account, e.g., the string coupling on the piano is
easily modeled. A drawback that none of the tones will be perfectly modeled: the model
may sound as a piano, but will be always different from that piano where its parameters
come from. The quality and the computational load is varied by, e.g., changing the accuracy
of modeling losses and dispersion, rather than changing the number of simulated partials,
which is less noticeable for the listener. These characteristics are summarized in Table 1.1.
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Instrument Organ Piano Violin
Number of partials < 20 5-100 10-50
Number of playing parameters 0 Few Many
Coupling between the instrument parts Negligible Present Significant

Table 1.2: Main features of the different instruments, serving as a basis for choosing the
proper synthesis approach.

1.1.3 Instruments as Case Studies

The choice between the signal-based or the physics-based approaches strongly depends on
which instrument should be modeled. Here we will use the organ, the piano, and the violin
as case studies. The features which are relevant from this viewpoint for these instruments
are listed in Table 1.2. Naturally, other factors also influence the choice of the user, e.g.,
if automatic parameter estimation is required, the signal modeling approach should be
chosen.

The sound of a specific organ pipe cannot be influenced by the player. Moreover,
the coupling between the different pipes is negligible, therefore the different tones can be
synthesized independently. As signal modeling models a specific sound almost perfectly,
it is the best choice for organ synthesis. Its computational load is acceptable, since the
number of partials is low in the case of the organ flue pipes.

As for the piano, the player can vary only one parameter for a given note, by changing
the impact velocity of the hammer, thus, the timbre space of one note is one-dimensional.
For a signal model, this would mean storing different parameter sets for a few hammer
velocities, and interpolation could be used between sets. Although it is also possible
with the signal model, the effect of the player is much easier modeled by the physics-
based approach. Moreover, the strings of the piano are coupled when the damper pedal is
depressed which is also controlled by the player: this can be modeled by the physics-based
approach only.

For the violin, the freedom of the player is enormous: he can vary the bow force,
velocity, position, and angle, the finger position and pressure, and decide on which string
he plays the given note. Therefore, the timbre space of the violin is multi-dimensional:
for signal-based synthesis many sounds along all these dimensions should be recorded and
analyzed. Since the goal is not only to render the sound of a specific violin note, but
to create a playable instrument, the only choice which remains is physical modeling. The
inputs of the physical model are the real physical parameters (e.g., bow force and velocity),
therefore the effect of the player is automatically taken into account.

1.2 The Benefit of Physics-based Sound Synthesis

The primary use of developing physics-based sound synthesis algorithms is that they lead
to synthesizers with better sound quality. Naturally, synthesizers should not replace real
instruments. However, for pianists for whom real pianos are too expensive, too large, or
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too loud, practicing on a better digital piano could be very helpful. Better synthesis models
could also increase the reality of games and multimedia applications. Here, the physics-
based approach can be used as an intermediate coding level between MIDI (that stores the
score and the instrument name) and perceptual coders (such as MPEG-1 Layer 3), as it is
able to transmit the main features of the instrument by a low number of parameters. This
kind of “structured audio coding” is supported by MPEG-4 [Scheier 1999).

Another benefit of physics-based sound synthesis algorithms is that they can be used
for experimentation purposes. With a physical model it is possible to include or exclude
a specific feature of the sound production mechanism and asses the importance of that
phenomenon by listening to the result. Varying the physical parameters of the model
could help instrument makers to estimate the sonic consequences of changing the geometry
or material of the instrument. Moreover, the acoustic research and theory development
triggered by the need of sound synthesis yields a better knowledge of real instruments.

1.3 Structure of the Thesis

Chapter 2 describes the most often used physics-based sound synthesis approaches and
provides the necessary theoretical background for the rest of the thesis. In Chap. 3 new pa-
rameter estimation techniques are proposed for the loss-filters of digital waveguides (which
are the most often used string models). Chapter 4 presents new algorithms to excitation,
string, and body modeling applying the multi-rate approach, which result in a significantly
lower computational cost compared to earlier methods. Chapter 5 is about the theory of
geometric nonlinearities of musical instrument strings, presenting a modal model that not
only founds the basis of sound synthesis algorithms but gives a qualitative insight to the
physics of the phenomenon, too. In Chap. 6 the theoretical results on the geometric non-
linearities are applied for the development of efficient sound synthesis algorithms. Finally,
Chap. 7 summerizes the results of this thesis and outlines the possible research directions.
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Chapter 2

Physical Modeling of String
Instruments

In this chapter the most often used modeling strategies are reviewed to provide the back-
ground for the new results of the following part of the thesis. Note that the notation and
the derivations of the equations have been changed compared to the referenced literature,
to be in coherence with the rest of the thesis.

Section 2.1 gives an outline of the model structure used in physics-based sound syn-
thesis. Then, Sec. 2.2 provides the theoretical background of string vibrations, starting
from the equations of motion. This is followed by the most often used string modeling
approaches, namely, finite-difference modeling, digital waveguides and modal models in
Sec. 2.3. Section 2.4 describes the modeling methods for the different excitation mecha-
nisms (striking, plucking, and bowing), and finally, Sec. 2.5 summarizes the techniques for

instrument body modeling.

2.1 Model Structure

Since the physical modeling approach simulates the sound production mechanism of the
instrument, the parts of the model correspond to the parts of real instruments. In every
string instrument, the heart of the sound production mechanism is the string itself. The
string is excited by the excitation mechanism, which corresponds to the hammer strike in
the case of the piano, to the pluck in the case of the guitar, or to the bow in the case of the
violin. The string is responsible for the generation of the periodic sound by storing this
vibrational energy in its normal modes. One part of this energy dissipates and another
part is radiated to the air by the instrument body. The body can be seen as an impedance
transformer between the string and the air, which increases the effectiveness of radiation
significantly. The body provides a terminating impedance to the string, therefore it also
influences the modal parameters of string vibration, i.e., partial frequencies, amplitudes,
and decay times. The model structure is displayed in Fig. 2.1.

The modeling of the interaction between the string and the excitation can be both uni-
and bidirectional. When, e.g., the plucking of the guitar is modeled by setting the initial

7
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Excitation String Body ——» Sound

A A}

Control

Figure 2.1: Model structure.

displacement of the string (see Sec. 2.4.2), then the string vibration has no influence on the
excitation. On the other hand, if the hammer strike in the case of the piano is modeled by
a nonlinear hammer model as in Sec. 2.4.1, the coupling is bidirectional, as the hammer
force is a function of string shape. The same happens for a bowing type of excitation,
where the periodic excitation force is the result of the continuous interaction of the string
and the bow (see Sec. 2.4.3).

The interaction of the instrument body and the strings can also be treated in two
ways. The physically precise solution is when the strings are continuously coupled to the
instrument body, leading to the coupling of different strings and to a change of partial
frequencies and decay times. However, often the instrument body is implemented as a
post-processing unit, i.e., as a linear filter. In this case, the impedance effects of the body
(that alter the frequencies and decay times of string modes) are implemented within the
string model, and the body model reproduces only the radiation properties of the real
instrument body.

Note that if both interactions are unidirectional (showed by solid lines in Fig. 2.1) and
the building blocks are linear, the model reduces to a series of linear filters. In this case
the model elements can be commuted, leading to large computational savings. This will
be discussed in Sec. 2.5.3.

2.2 String Equations

The most important part of the string instrument is the string itself. This section provides
the theoretical background for the string modeling methods of Sec. 2.3. Note that most of
the findings of this section can be found in acoustic textbooks, such as [Morse 1948; Morse
and Ingard 1968|. However, summarizing them here together with their derivations (which
are slightly different from the ones in [Morse 1948; Morse and Ingard 1968|) should help
the understanding of the results of Chaps. 5 and 6. In this section only the linear vibration
of strings is investigated in detail, while the nonlinear phenomena will be discussed in

Chap. 5.
2.2.1 General Equations of String Vibration

For perfectly describing the motion of the string, it should be treated as a prestressed thin
rod by elasticity theory |Graff 1975|. However, it is sufficient for our purposes to suppose
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that the string has negligible diameter, where simpler theory applies. Note that one effect
of the finite diameter of real strings, the wave dispersion, will be included later in Sec. 2.2.4.

Let us suppose that a lossless and perfectly flexible string is stretched along the x axis
with an initial tension Tp (losses and stiffness will be covered later is Sec. 2.2.4). The string
element that was, in equilibrium, at point (x,0,0) will be at point (z + &,y, z), where &
refers to the longitudinal displacement (z direction), while y and z are the displacements
of the two transverse polarizations (both perpendicular to the string). This part of the
derivation is taken directly from [Morse and Ingard 1968, pp. 857-858]. The vector from
the origin to point (z + &, vy, 2) is

R(z,t) = (x + §)e, + yey + ze., (2.1)

where e, e,, e, are unit vectors along coordinate axes.
The length of the string element labeled z [the element that was originally at (z,0,0)],
which was dz in equilibrium (under the initial tension Tp) will be

o= () (2) 4 (2) e o

The tension T' = T'(x,t) of the string is calculated from the relative elongation (ds —

ds = |R(z + dz,t) — R(x,t)| = 'Z—R
x

dxg)/dzo according to the Hooke’s law

ds ds dz
T=6S(2 1)=ps(Z% 4 9.
5 (dxo ) S(dx dxg )’ (23)

where E is the Young’s modulus, S is the cross-section area of the string, and dx is the
length of the string element without tension (7" = 0). Note that here we depart from
Eq. 14.3.3 of [Morse and Ingard 1968| (which implicitly assumes dz = dzg) by applying
the equation of tension presented in [Kurmyshev 2003|, leading to more precise results. By
knowing that the initial tension is obtained as Ty = ES(dx/dxg—1), dxg can be eliminated
from Eq. (2.3) as

ds ds
T=ES|—-1 To—. 2.4
(dm >+ Odx (24)

If the string is perfectly flexible, the only force acting on the element x is the tension at
its sides T'(z,t) and T'(z + dz,t). The direction of these force components is given by the
unit vectors es(z,t) and es(z + dx,t) pointing along the tangent to the string

o (FEr1)e+ (et (%)
es(x,t) = 22 = . (2.5)

- |9R 2 2
) ()

The net force acting on the element z is the difference between the forces at the sides,

which is related to the acceleration of the element according to the Newton’s law

2
,udxaaTI; =T (z +dz,t)es(x + dx,t) — T(x,t)eq(x,t), (2.6)
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where pdx is the mass of the element x and p is the linear mass density (i.e., mass per
unit length) of the stretched string.
Writing the difference in Eq. (2.6) by differentials gives

62R _ 0(Te,) OT +T668
o = " or oz Ox’

from which it follows that the net force arises from two reasons: because the tension T is

(2.7)

different at the sides of the element and because it pulls at different directions e, at the
two sides.

The above equations (Egs. (2.4), (2.5), and (2.7)) completely characterize the motion
of the flexible string, as no approximations were made so far. Note that the nonlinearity of
Egs. (2.4) and (2.5) comes from the geometry of the structure and not from the nonlinearity
of the material (as we assumed that the Hooke’s law holds). Therefore, it is often called

“geometric nonlinearity”.

2.2.2 Approximate Nonlinear Equations

Now let us assume that the relative elongation is small, i.e., 9¢/0x, 0y/dz, and 0z/0x are
small compared to unity. Moreover, we assume that £ is in the order of y? and 22, which
holds for metal strings. (For rubber-like strings &, y, and z are of same order [Kurmyshev
2003].) In this case Eq. (2.5) can be approximated as

o¢ Ay Oz o¢ Ay 02\ 2
eriet)= | (e +1) e (32) oo (3) o] [1‘%“ (5) -3(5) ]
(2.8)
which was obtained by applying the approximations (1+p)? ~ 1+ 2p, /T + p~ 1+ 0.5p,
and 1/(1+p)~1—p
Similar derivations yield the equation for tension from Egs. (2.2) and (2.4)

O REIC N

Substituting Eqgs. (2.8) and (2.9) into (2.7) and neglecting some higher-order terms

T%TQ—I—(ES—FTQ)

gives

0%¢ 825 1
2 23 2
aQy 82 6{%[5—’— ( ) +%(%):|}
K 2 2\ 2
822’ 82 8{29& |:8£+ ( ) +%(%) :|}

Note that in Egs. (14.3.7)7(14.3.9) of [Morse and Ingard 1968| (ES — Tp) replaces the
ES of Egs. (2.10)—(2.12) of this thesis. Having (ES — Tp) instead of ES would mean for
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increasing Ty that the nonlinear terms would decrease to zero as Tj reaches E S, then raise
again for higher Ty values, which is unrealistic. Equations (2.10)—(2.12) do not show this
problem, as the nonlinearity drops continuously and it can be considered zero for Ty > ES
only. This difference is rather theoretical, as it is significant only for rubber-like strings,
where Ty = ES. In metal strings we have E.S > Tj, thus, in the rest of this thesis we will
assume ES 4+ Ty ~ ES =~ ES — Ty anyway.

It can be seen that Eqs. (2.10)-(2.12) are three linear wave equations for the three
polarizations with nonlinear forcing terms at their right-hand sides. By looking at their

linear part, the transverse and longitudinal propagation speeds can be expressed as:

T ES+T,
=R =, BT (2.13)
1t 1t

In metal strings we have Ty < ES, therefore the longitudinal propagation speed can be
approximated as ¢, = \/ES/ .

The amount of intermodal coupling in Eq. (2.10) is almost independent of string tension
(as ES + Ty ~ ES). On the other hand, in Egs. (2.11) and (2.12) it depends on the ratio
ES/Ty, i.e., the lower the tension, the higher the effect of intermodal coupling is.

2.2.3 Linear Equations

If the displacement of the string is so small that the products and powers of the partial
derivatives 0¢/0x, Oy/dx, and 0z/0x are negligible compared to the terms themselves,
Egs. (2.10)-(2.12) reduce to three independent wave equations. As the equations for the
three polarizations are of the same form, it is reasonable to perform the derivations for one
polarization. The wave equation for the y polarization is

0%y 0%y

— =Ty=—= 2.14
or, by using Eq. (2.13)
Py 0%

The Unterminated String

First we consider the infinite, unterminated string. We try to find the solution for Eq. (2.15)
as the real part of the product of two exponential functions

y(z,t) = Re{e“telPo}, (2.16)
The substitution of Eq. (2.16) into Eq. (2.15) gives

% =2 = = =i (2.17)

6
Writing this back into Eq. (2.16) yields

y(z,t) = Re{e! @A)} — Re{elw(ta/c)} (2.18)
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for arbitrary w. Equation (2.18) shows that the ideal, unterminated string can vibrate at
arbitrary angular frequencies. However, the wave number § and angular frequency w are
related by the propagation speed ¢;. As the wave equation is linear, the superposition of
the two cases of Eq. (2.18) is also a solution:

y(z,t) = Re{CTelwlt=2/ct) 4 0= eiwltta/e)y (2.19)

where C* and C~ are the complex amplitudes of the two components.

By using the notation p = t+z /¢, Eq. (2.18) becomes the basis function of the inverse
Fourier transform. As the wave equation is linear, the superposition of the functions e/*?
are also the solution of the wave equation. This means that arbitrary Fourier expandable
functions

00 .
y=(p) = Re {/ Ci(w)e]wf’} (2.20)
W=—00
are solutions. As both p =t + z/¢; and p = t — 2/c; holds, the time-domain solution of
the wave equation is written as the superposition of two functions

y(@,t) =y (t —z/a) +y (t+z/cr), (2.21)

where 4y and y~ can be considered as two traveling waves, which retain their shape during
their movement. The function y™ is the wave going to the right and the function = is the
wave going to the left direction. This is the “traveling wave solution” of the wave equation.

Infinitely Rigid Terminations

Rigidly terminating the string at = = 0, i.e., setting y(0,¢) = 0, means that the two
traveling waves should cancel each other at = 0. This yields y~(p) = —y ™ (p), meaning
that two identical waves of opposite sign travel along the string in the two directions. The
components y* and y~ can be considered as incident and reflected waves.

In reality the string is stretched between the supports £ = 0 and x = L, where L is the
string length. For ideally rigid terminations, this gives the constraint y(0,¢) = y(L,t) =0,
leading to y™(t—L/ct) = —y~ (t+L/ct). As we have yT(p) = —y~ (p) from the termination
at x = 0, we obtain y*(t — L/c;) = y*(t + L/c;). This means that y*(p) is periodic with
period length T}, = 2L/c;. This corresponds to a fundamental frequency fo = ¢;/(2L), or
an angular frequency wg = ¢;7/ L.

More interesting to us is the exponential form of Eq. (2.19), where y(0,t) = 0 gives
C~ = —(CT, leading to

y(z,t) = Re{CT(e7W(tma/e) _ giwltta/c) ) — Re{2iCF sin(Bz)e’t}, (2.22)

which shows that if the string is rigidly terminated at x = 0 and is vibrating at a single

angular frequency w, a standing wave develops, i.e., the different points of the string vibrate

in the same phase. Note that it is still true that arbitrary angular frequencies w are allowed.
The additional constraint y(L,t) = 0 on Eq. (2.22) gives SL = km, leading to

y(x,t) = Re{2jCT sin(fpz)e!“*'} = C'sin(Bpx) cos(wit + @), (2.23)
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where the allowed angular frequencies wy, and wave numbers [ are
km ci kT

Br = 7 Wh=p

This means that the terminated string can only vibrate at distinct angular frequencies wy,

(2.24)

which form a perfect harmonic series. These frequencies wy, belong to specific modal shapes
sin(0t), where k is the mode number.

2.2.4 The Stiff and Lossy String

A wave equation for the stiff and lossy string is

%y %y 2 0y dy
9Y _ 1% _pe2lY o %
hop = Toge — BS 5 — 2R(Wn,

which is the Helmholtz equation extended by terms describing the stiffness and losses of

+dy(x, 1), (2.25)

the string. The stiffness of the string is characterized by ESk?, where & is the radius of
gyration. This term (fourth-order spatial derivative) is essentially the same as what can be
found in the wave equation of bars and rods, but now it has a secondary role, as the main
force on the string comes from the tension (second-order spatial derivative). Accordingly,
the wave equation of the stiff string can be considered as a transition between the wave
equation of the ideal string and that of the ideal bar [Morse 1948, p. 166].

The operator R(w) is the frequency dependent frictional resistance [Morse 1948, p. 104].
The factor “2” before R(w) in Eq. (2.25) is chosen in order to make the decay rate o(w) of
the partial at the angular frequency w equal to R(w), as we will see later in Eqgs. (2.27) and
(2.37). External driving forces are included in the excitation force density dy(x,t), which

has the dimension of force per unit length.

Unterminated Case

Let us first consider the case of infinite, unterminated string. Moreover, we assume that
no external driving forces are present, i.e., dy(z,t) = 0. The losses are assumed to be inde-
pendent of frequency, that is, R(w) = R. The substitution of the trial function Eq. (2.16)
into Eq. (2.25) gives

—pw? = —Ty8% — ESK?*B* — jw2Rpu, (2.26)
which cannot be solved for real w and 3 values. However, if we substitute w with a complex
variable Q = w+ jo in Eq. (2.26), we obtain a pair of equations for the real and imaginary
parts. The equation for the imaginary part of Eq. (2.26) becomes

—pn2jwo = —jw2Ru, (2.27)
which gives 0 = R. The real part of Eq. (2.26) is
—p(w? — 0?) = —Ty* — ESK*B* + 02Rp. (2.28)

The substitution ¢ = R gives

T ESk?
Wi Tog  BSRT pi g (2.29)
u u
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where R? is negligible in comparison with the other two terms in the case of musical
instrument strings.

Accordingly, the final solution becomes

y = Re{e/Me/B7) — ¢t Re{e/w(Ea/ce(B) ) (2.30)

7t meaning

which differs from Eq. (2.18) in two aspects: first, there is an additional term e~
that the propagating waves decay exponentially. Second, the angular frequency w and wave
number [ are no longer related to each other by a constant factor ¢y as in Eq. (2.17), but

now the propagating speed depends on the wave number:

w Ty, ESk?
A — 4+
B J 2

c(B) = G2 (2.31)

Equation (2.31) shows that waves at larger wave numbers (3 (i.e, at larger angular frequen-
cies w) propagate faster. Accordingly, the high frequency components of a wave will travel
faster than the low frequency ones. As a result, traveling waves will no longer retain their
shapes but disperse.

Termination and Driving Forces

As can be seen in Eq. (2.23), the ideal string rigidly terminated at x = 0 and z = L can
only vibrate at specific wave numbers (G, and the spatial dependence is in the form of
sin(Bkx). This property does not change by adding losses, dispersion, and external driving
forces as in Eq. (2.25). However, the temporal dependence of a specific mode is no longer
a cosine function, as was in Eq. (2.23). As the most general case, the string shape y(z,t)
is expressed by the Fourier-like series

y(z,t) = iyk(t) sin <IWTOC> (2.32)

k=1

where yi(t) is the instantaneous amplitude of mode k.
Note that Eq. (2.32) completely characterizes y(z,t) in the range 0 < x < L for each ¢
if
OPy(z,t)
oxP

_ OPy(a,t)

op =0 (2.33)

=0 =L
holds for even p including p = 0. This constraint comes from the fact that the even
derivatives of the sine functions in Eq. (2.32) are also sine functions, which are zero at
x =0 and x = L for each n. This corresponds to hinged boundary conditions. The cosine
functions are missing because Eq. (2.32) is considered as the Fourier series of the odd
function y(—=z,t) = —y(z,t) with the period length 2L (however, the part —L < z < 0 is
of no interest to us).

The solution of Eq. (2.25) can be separated for the different modes if Eq. (2.32) is

substituted into Eq. (2.25), then multiplied by the modal shape sin(k7z/L) and integrated
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over x from 0 to L. The resulting second-order differential equation covering the behavior
of mode n is

4y dyy,
— — =boF, r(t 2.34
g7 Tk aokye = bo (1), (2.34)
where
arr = 2R(wg) (2.35a)
To (kr\? ESk% [kr\*
_ To (km Rk 2.
ao k ,u(L)+ p <L> (2.35b)
2
_ 2 2.
bO,k LM ( 35(3)
L kmx
=0

In Eq. (2.34) F, ;(t) can be considered as the excitation force of mode £, and it is computed
as the scalar product of the excitation force density and the modal shape (see Eq. (2.35d)).
The solution of Eq. (2.34) for F, ;(t) = 6(t) with zero initial conditions is an exponen-

tially decaying sine function covered by

_t
ysp(t) = Are ™ sin(wyt) (2.36a)
b
A, = 2k (2.36D)
w
2 (2.36¢)
— .36¢
¥ a1k
2
a7 i
W = agk — T ~ vV @0,k- (236d)

The decay time 73, = 1/0) of mode k is simply related to the frictional resistance by

2 1
T = — = .
k aLk R(wk)

(2.37)

This is in accordance with the result of Eq. (2.27), derived for the unterminated string.
The approximation in Eq. (2.36d) is valid if the frictional resistance is small, i.e., it has a
negligible effect on the angular frequency wyg. In other words, if a%k /A=1/ 7']3 is negligible
in comparison with w,%, which holds for the slowly decaying modes of strings. To this
approximation the angular frequency is given by

L

Ty (kr\*  ESw? (kr\*
we = Jags = \/—0 (%) +=2F <—7T> = wokV/1 + BE2, (2.38)
1 0
where the the fundamental angular frequency of the string wyq is

1o

T T
— Ve 2.39
o L\ pn ctL ( )
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The inharmonicity of the angular frequency series wy is determined by the inharmonicity
coefficient B, which is computed as

o ES N2
B=w (f) : (2.40)
Note that B = 0 corresponds to the case of perfectly flexible string, where the partial
frequencies follow wy = kwp (as predicted by Eq. (2.24)). The higher the stiffness of the
string (or the smaller the tension), the larger is the difference with which the partials
depart from the perfectly harmonic series.

As Eq. (2.36) computes the impulse response of the system characterized by Eq. (2.34),
the response to the excitation force Fy ;(t) is obtained by the time domain convolution

Y (t) = ys(t) * Fyr(t). (2.41)

From Egs. (2.32), (2.36), and (2.41) the displacement of the string y(x,t) as a response to
the external force density dy(x,t) is computed as

00 . L
y(x,t) = W—}/u Zsin <k‘77Tx) [%6_5 sin(27 fit) * / Osin <k‘77Tx) dy(x,t)dx] , (2.42)
k=1 r

where the angular frequency was substituted by the frequency fr = wy/(27). Equation
(2.42) means that first the scalar product of the excitation-force density and the modal
shape has to be computed, then this has to be convolved with the time-domain impulse
response of mode k, leading to the instantaneous amplitude of mode k. Finally, these
modes are summed together multiplied by their modal shapes sin(kwz/L).

2.3 String Modeling Techniques

The following sections discuss the different string modeling approaches. Only the three
most widely used modeling techniques are reviewed, namely, finite-difference, modal-based,
and digital waveguide approaches, as these are the techniques that are applied in this
thesis. For a more comprehensive review of physics-based string modeling techniques, see
[Valiméaki et al. 2006]. The first modeling technique is the finite-difference modeling, which
is the direct numerical solution of the wave equation (such as Eq. (2.25)). The other two
approaches are based on the discretization of the continuous time solutions of the wave
equation: digital waveguide modeling presented in Sec. 2.3.2 discretizes the traveling wave
solution of Eq. (2.21), while modal synthesis outlined in Sec. 2.3.3 implements the modal
form of Eqs. (2.32) and (2.42).

2.3.1 Finite-difference Modeling

The first finite-difference string model was presented by Hiller and Ruiz [1971a,b|, which
was the first physics-based instrument model, too. Finite-difference modeling has become
popular because it has a direct connection to the wave equation and also because it is
straightforward to use it for two- or three-dimensional structures. Moreover, connecting
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these different structures is a simple task. A drawback of the approach is the high com-
putational complexity and the numerical dispersion, the latter meaning that the modal
frequencies of the model will be different from that of the continuous time system.

The Ideal String

In finite-difference modeling, the solution of a partial differential equation is computed by
substituting derivatives by finite differences. The usual way of discretizing Eq. (2.15) on a
grid z,, = mAx, t, = nAt is

aQy Ym—1,0 = 2Ymn + Ym+1,n
— : : : 2.43
Ox? - Ax? (2:432)
aQy Ymn—1 — 2Ymn + Ymnt1
— ’ . ’ , 2.43b
o, Ar2 (2.43b)
where Y. = Y(Tm,tn). The substitution of Eq. (2.43) into Eq. (2.15) gives
2 2
c; At
Ymn+1 = ﬁ(ymfl,n - 2ym,n + merl,n) — Ymn—1 T 2ym,na (244)

which computes the next value of the element at position m from the past and previous
state of the string. To model infinitely rigid boundary conditions, yo, and yas,, is set to
zero for all n (where M Az = L is the string length). The system is numerically stable
for Ax/At > ¢, i.e., when the waves do not move more than one spatial interval during
one time step [Chaigne and Askenfelt 1994]. Due to the nature of discretization numerical
dispersion arises on the string, which should not be confused with the dispersion caused
by the stiffness of the string. The numerical dispersion stretches the partials in a way that
they lie at a lower frequency compared to where they should be [see, e.g., Chaigne and
Askenfelt 1994]. This means that the system Eq. (2.44) won’t produce an exact copy of the
analytical solution of Eq. (2.15). However, the difference is negligible for low frequencies
and does not usually lead to the degradation of sound quality.

If Ax and At are chosen in a way that the wave travels exactly one spatial interval
during one time step as suggested by Hiller and Ruiz [1971a|, that is, ¢, = Axz/At in
Eq. (2.44), we obtain

Ymnt+1l = Ym—1,n T Ym41n — Ymn—1- (2.45)

Equation (2.45) is exact in the sense that there is no numerical dispersion in this case. It
is easy to see that when Eq. (2.45) is excited by a unit impulse at the spatial position m,
two unit pulses will develop that travel in the left and right direction without changing
their shapes. This is a great advantage. Another benefit is that with this choice the
finite-difference model can be easily connected to a digital waveguide model, as in digital
waveguides we always have ¢, = Ax/At [Karjalainen and Erkut 2004].

However, the flexibility is lost: now Az, At, and ¢; are interdependent. Practically, this
means that the fundamental frequency of the string model can only be set by changing the
number of string elements, M, assuming that the sampling frequency fs = 1/At is given,
since fo = fs/(2M). This leads to unnecessarily large M values for low notes. In the case
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of the more general Eq. (2.44) the fundamental frequency can be easily varied by modifying
¢t or Ax = L/M, where the number of string elements M can be set according to how
many partials we wish to compute. This way, the accuracy/complexity of the model and
the fundamental frequency of the tone become independent.

Losses and Dispersion

Modeling the stiff and lossy string requires the discrete-time implementation of Eq. (2.25).
However, Eq. (2.25) has a frequency dependent parameter R(w), which cannot be imple-
mented directly. Hiller and Ruiz [1971a] and later Chaigne and Askenfelt [1994] suggested
to use the formal substitution

3
%y Y, 0 (2.46)

Rw)gy = big; o3

in Eq. (2.25) as the simplest way for implementing frequency dependent losses. This leads

to the decay times
1 1

R(wp) by + bsw?’

This simplified formula has been found to match the decay times of musical instrument

TR =

(2.47)

strings quite well [Chaigne and Askenfelt 1994]. Interestingly, it also coincides with the
decay times of the digital waveguide string model if the most common loss filter is used
(see Sec. 3.1).

However, the use of Eq. (2.46) yields a recurrence equation which may not be stable for
all b3 parameters. Therefore, a different way of implementing frequency dependent losses
has been suggested by Bilbao in [Bensa et al. 2003]:

dy dy &%y

This leads to a second-order differential equation for the individual modes of the same
form as Eq. (2.34), but now ay = 2by + 2by(kw/L)?, giving the decay times

(2.48)

2 1
Ty = ——

I — 2.49
s b () e

which is the same as Eq. (2.47) for harmonic (nondispersive) strings if by = c2bs (see
Eq. (2.24)). For inharmonic strings the decay times given by Eq. (2.49) will be somewhat
higher than that of Eq. (2.47), as c¢thm/L < wy (see Eq. (2.38)). As the ear is relatively
insensitive to differences in decay times |[Tolonen and Jérveldinen 2000|, this difference
won’t influence sound quality. However, from the practical implementation viewpoint the
form of Eq. (2.48) is more advantageous, as it is stable for arbitrary positive by and bg,
while requiring less memory and less computation than the third order system obtained
by the use of Eq. (2.46) [Bensa et al. 2003].
Accordingly, we discretize the following wave equation
0%y B , 0%y  ESkK? 0%y oy 3y

9Y _ 208 2R OY o W o
8z~ tor? wo Oxt Yot + 2 0x20t

1
+ _dy(.%',t), (250)
)2
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which is the modification of Eq. (2.25) by applying the substitution Eq. (2.48). For the
discretization, we can use the formulas

@ ” Ym—2mn — 4ym71,n + 6ym,n - 4ym+1,n + Ym+2n (2 51&)
oxt|, Azt '
63/ Ymn — Ymn—1
- N 2.51b
at|, , At (2:51b)
63y ~ (ym—l,n - 2ym,n + ym+1,n) - (ym—l,n—l - 2ym,n—l + ym—i—l,n—l)
ox2ot|, Ax2At
(2.51C)

together with Eq. (2.43). Inserting the approximations Eqs. (2.43) and (2.51) into Eq. (2.50)
yields a recurrence equation that computes the next value of the string displacement ¥, 5,41
from the past (Ym—1,n-1, Ymn-1, Ym+1n-1) and present (Ym-—2mn; Ym—1mns Ymns Ym+1n
Ym+2n) values. Note that the derivatives can be approximated in other ways as well,
e.g., the temporal derivative 0y/0t can also be computed as (Ym nt1 — Ym,n)/At. Differ-
ent approximations give different output, but these differences are generally negligible for
sufficiently high sampling rates and large number of elements M (i.e., for small At and
Ax).

For implementing the boundary condition, we need a further constraint besides yo,, =
ym,n = 0, since y_1 , and yar41,, are also required for the computation of the rightmost and
leftmost points of the string (which have the spatial coordinates m =1 and m = M — 1).
Setting the second-order spatial derivative to zero at the boundaries gives y_1, = —y1.n
and Yapr41,n = —YM—1,n, Which corresponds to hinged boundary conditions. More realistic
string terminations can also be implemented by, e.g., computing the string force acting
on the termination and calculating the velocity response by a model of the termination
admittance. A termination model parameterized by a constant reflection coefficient is
presented in [Hiller and Ruiz 1971a].

The force at the termination is of great interest even in the simplified models having
ideally rigid string terminations, as this is the force which is transmitted to the body of the
instrument. In other words, this is the output of the string model. This force is computed
as

dy T

Fb(tn) = — TQ% ] —A—xyM_l’n. (252)
z=L

It may sound paradoxical that the string termination is infinitely rigid, while it can still
transfer energy to the instrument body. The resolution is that the termination moves at
much smaller amplitude compared to the string, thus, it may be considered as motionless
in the string model. From the instrument body side, however, this small movement is the
excitation, i.e., it cannot be neglected.

Note that when the string is modeled as a series of masses connected with springs and
dampers (which is already discrete system in space), and this is discretized with respect to
time, the same or very similar recurrence equations are yielded as for the finite-difference
model [Rowland and Pask 1999|.
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2.3.2 Digital Waveguide Modeling

Digital waveguide modeling introduced by Smith [1983, 1992| has been the most widely
used string modeling technique. This is because the time-domain solution of the one-
dimensional equation provides a very efficient implementation using DSP techniques. (This
is unfortunately not true for structures of two or three dimensions.) Actually, the system
reduces to a delay line and a filter in a feedback loop, similarly to what has been proposed
by MclIntyre et al. [1983]. The simplest variation is the Karplus-Strong algorithm, where
the filter is a simple averaging operation [Karplus and Strong 1983; Jaffe and Smith 1983].
A nice feature of digital waveguide modeling is that while it is a simple filtering algorithm
from the DSP point of view, it still retains the physicality of the system. Thus, the
interaction of the different parts of the instrument (e.g., the coupling of different strings)
is easily implemented. A comprehensive overview on digital waveguide modeling can be
found in [Smith 2005].

Ideal String

Digital waveguide modeling is based on the spatial and temporal sampling of the traveling
wave solution of the wave equation. Rewriting Eq. (2.21) with z,,, = mAz and ¢, = nAt
gives

Y(Tmstn) =y (DAt —mAL /) +y~ (nAt +mA,/cy). (2.53)

This can be implemented by storing the samples of two traveling wave components in
two vectors and moving their content into the left or right direction at every time step.
In digital waveguide modeling we always have Ax = ¢;At. Theoretically, we could have
Ax # c¢;At, but moving the content of the vectors by a fractional spatial sample would
require the use of interpolation techniques. Accordingly, substituting Ax = ¢;At into
Eq. (2.53) leads to a much simpler equation

ym,n = y:zfn + y;nJrnv (254)

where y;\,_,, = yT(At(m —n)) and y,,,,, = y~ (At(m + n)). If the current shapes of the
traveling waves are stored to the vectors y;,rm and y,, ,, the wave propagation is simply
implemented by shifting the contents of these vectors by one spatial sample at each time
step. Consequently, the next values are computed by

+ _ +
ym,n—l—l - ym— 1,n

Ymnt1 Ymi1m (2.55)

where Ymn = Y, + Ymn- This is illustrated in Fig. 2.2, where z~1 stands for unit
delays. These unit delays form two delay lines, which can be implemented very efficiently
as circular buffers.

As aresult of the linearity of the wave equation, other variables can also be used instead
of displacement. These can be for example velocity, acceleration, slope, curvature or force.
Nevertheless, it is worth turning our attention to the transverse velocity v and the force F,
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Figure 2.2: The principle of digital waveguide.

since they are proportional to each other. The characteristic impedance Zj of the string
can be defined as follows [see, e.g., Smith 1992; Morse 1948, pp. 91-93|:

Ft F~
ZO = v—+ = -, ZO = \/T,LL (256)

v

where '™ and v™ are the force and velocity waves traveling to the right, and F~ and v~
to the left, respectively. Eq. (2.56) is valid at every position of the string and at every
time instant. If a string with a characteristic impedance Zj is terminated by an impedance
Z, the traveling waves will be reflected (except when Z = Zj). This is similar to the
termination of a transmission line. The equations for the reflection of force and velocity

waves are the following:

v (L) Zy—Z CF (LY Z—Z
TV TY T Zo+z T B

FHL,t) ' Zo+Z (2.57)
An ideally rigid termination corresponds to an infinite terminating impedance Z = oc.
This implies that force waves reflect with the same amplitude and sign (rp = 1), and
velocity waves reflect with same amplitude but opposite sign (r, = —1). The latter can
also derived from v(L,t) = vt (L,t) + v~ (L,t) = 0, which means motionless, i.e., perfectly
rigid terminations.

The excitation force can be taken into account by adding v, = Fin/(2Zy) to both
delay lines at the position of the excitation Mj,, as the excitation is acting on two pieces of
string, which both have the impedance Zy. On the grounds of these equations the digital
waveguide model of the ideal string can be formulated as shown in Fig. 2.3. The signs of

LAZ—Dn

the form stand for delay lines of length D.

Losses and Dispersion

In the case of the lossy and stiff string, the traveling waves no longer retain their shapes, but
dispersed and attenuated, as it is shown in Eqgs. (2.30) and (2.31). Frequency independent
losses can be easily incorporated into the digital waveguide model of the ideal string by
inserting constant gain factors between the delay elements in Fig. 2.2. Practically, this
means that the vectors of the traveling waves are not simply shifted but attenuated by a
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Figure 2.3: Digital waveguide model of the ideal string.

constant coefficient in every time step. Frequency dependent losses require the insertion of
digital filters between all the elements. The effect of dispersion can also be implemented by
digital filters that have larger phase delay at low frequencies than at high frequencies. This
leads to virtually larger propagation speed at high frequencies, as required by Eq. (2.31).
However, inserting filters between all the delay elements would be computationally to
demanding.

In fact, the efficiency of digital waveguide modeling lies in consolidating the effect of
these filters into some specific points [Smith 1992]. Usually we are not interested in the
precise motion of each point along the string: the model should only match the wave
propagation between the excitation point and the output. All the filters between these two
points can be moved anywhere in the chain, as the system is linear and time-invariant. The
result is an ordinary delay line and a series of filter elements that we have collected together.
The net phase and magnitude response of these filter elements can be implemented by a
filter that requires significantly lower computation than the separate elements together.

Min M

_>| Z—Min Z_(M—Min) T’Fb
- ]4 I:in Hr (Z)
—| Z_Min Z_(M_Min) HJ

Figure 2.4: Digital waveguide model of the non-ideal string.

It is usual to consolidate the effect of losses and dispersion at one side of the digital
waveguide, as depicted by H,(z) in Fig. 2.4. This has a physical interpretation, as the
model of Fig. 2.4 is actually an ideal string terminated by a complex impedance Z. It
follows from Eq. (2.57) that if Z is frequency dependent, r, will also depend on frequency
(H,(z) actually implements —r, in Fig. 2.4). From the signal processing viewpoint, an



2.3. STRING MODELING TECHNIQUES 23

impulse circulating along the string is no longer filtered at every time step but only when
it travels through the termination.

The output of the string model is the force acting on the termination. From Egs. (2.56)
and (2.57) the force at the termination (i.e., bridge) F;, will be:

F’Jr = U+Z0
F~ = rpFt =rpvt 2
Fy, = Ft4+F = (1 + 7“F)ZQUJr ~ QZQ’UJF, (258)

as 7y ~ 1. We again compute the bridge force by assuming infinitely rigid terminations,
similarly to the case of Eq. (2.52) in finite-difference modeling.

Parameter Estimation

The behavior of the digital waveguide model is determined by the number of delay elements
N = 2M and the reflection filter H,(z). The digital waveguide model of Fig. 2.4 has the
transfer function

F, 1
Hyg(2) = B HC(Z)TNHT(z)
He(2) = (1 — 2 2Mm) 7~ (M=Min) (2.59)

where H.(z) is a comb filter and a delay depending on the position of the excitation along
the string, and H,(z) is the reflection filter, or loop filter. The partial frequencies and decay
times are determined by H,(z), while H.(z) influences the initial phases and amplitudes.

The modal frequencies of the digital waveguide can be estimated by finding the local
maxima of the transfer function Hyg(z), which are at those frequencies where the denom-
inator is close to zero, that is, 2~V H,.(2) ~ 1. As the magnitude of the reflection filter
|H,.(2)| is close to unity, this condition is met when the phase of 2=~ H,.(z) is a multiple
of 2m:

ol NH, (2)} = ple IV H, (7)) = —NOj + {H, (/")) = —k2m,  (2.60)

which gives a digital angular frequency 9 for each k. Accordingly, the analog partial
frequencies are f = [fs/(2m)]9k, where f5 is the sampling frequency.

The decay time of mode k having the frequency fi can be simply computed by knowing
that mode k is attenuated by |H,(e/7)| each time it passes the reflection filter. As one
period of mode k fits into the digital waveguide loop k times (see Eq. (2.60)), it is attenuated
at a periodicity of k/fi. This gives the following expression for the decay times:

k

(2.61)

where U, = (27 fi)/ fs.
In the case of parameter estimation for the digital waveguide the partial frequencies
fr and decay times 73 are known and the filter H,(z) has to be designed and the length
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of the delay line, N, has to be set. The partial frequencies f; and decay times 75 are
either computed from the physical parameters of the string (e.g., by the equations given
in Sec. 2.2.4), or estimated from recorded instrument sounds. Estimation techniques in-
clude the work of [Véliméki et al. 1996; Karjalainen et al. 2002]. Substituting the partial
frequencies and decay times into Eqs. (2.60) and (2.61) leads to a complex specification,
which could be directly used for filter design. For this, one should be able to separate the
phase and the amplitude errors of the approximation, since for those different constraints
are needed. The phase response of the reflection filter has to be very accurate at the fun-
damental frequency of the note. On the contrary, at other frequencies it is enough if it
follows the general trend of the prescription to simulate inharmonicity. The decay times
of the partials depend on the amplitude response of the filter. It follows from Eq. (2.61)
that the closer the amplitude response is to 1, the larger error will arise in decay times
for the same amplitude difference. The amplitude response should never be larger than
1, since it would make the feedback loop unstable. Consequently, a complicated filter
design algorithm would be needed, which could handle the magnitude and phase errors
separately. Smith [1983] reviews a number of sophisticated filter design techniques, two
of them are also discussed in [Laroche and Jot 1992|. However, these methods are rarely
used in practice because of their complexity and their instability.

Probably this is the reason why it is common to divide the filter design procedure
to designing the loss filter, dispersion filter and fractional delay filter parts [see, e.g.,
Jaffe and Smith 1983; Véaliméki et al. 1996] and using these filters in series as H,(z) =
H)(z)Hq(z)Hgq(z). Note that dividing the filter design into different steps cannot give
mathematically optimal results, since the separate parts of the filters have some constrains
on the filter coefficients, like being allpass for the dispersion filter. Now the simplicity of
the analysis will lead to computationally less efficient implementation. It follows that it
might be beneficial to develop robust algorithms that could design one complete reflection
filter based on the previously mentioned amplitude and phase criteria. However, we have
to note that this would only slightly diminish the computational load of the whole model

while it would increase the complexity of parameter estimation.

Loss Filter Design

The specification of the loss filter can be computed by using the inverse of Eq. (2.61):

k

gr =e Tk (2.62)

where 7, is the decay time of partial k, and g is the desired amplitude value of the loss
filter at the angular frequency 9y of partial k. Fitting a filter to g coefficients is not trivial,
even if the phase part of the transfer function is not considered. This is because of the
previously mentioned nature of the loop filter: the decay time error is a nonlinear function
of the amplitude error. The stability of the digital waveguide loop is also hard to handle,
since a small deviation from the specification can lead to a magnitude response larger than
unity.
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Because of the above mentioned problems and because it already provides good sound,
it is widespread to use simple loss filters, such as second-order FIR filters [Borin et al.
1997| or first-order IIR filters, among those the one-pole loss filter [Valimaki et al. 1996;
Véliméki and Tolonen 1998| being the most common one. The transfer function of such a

filter is:
1+ aq

Hip(z) 9T a1

(2.63)

where —aq is the pole of the filter and g refers to the DC gain. The advantage of using a
one-pole filter is that it is always of a lowpass character for a; < 0. Accordingly, keeping g
below unity assures the stability of the waveguide loop. In [Valiméki et al. 1996; Valiméaki
and Tolonen 1998 such a filter was found to be adequate for simulating the acoustic guitar
and other plucked string instruments. Jaffe and Smith [1983] also discussed the use of the
one-pole filter, but without the gain factor, i.e., g = 1. Interestingly, the decay times of the
digital waveguide using the one-pole loss filter are very similar to the decay times of the
simplest finite-difference string model, given by Eq. (2.47). This is discussed in Sec. 3.1.1.
The different approaches for designing the loss filters will be outlined in Chap. 3 in detail,
together with the proposed algorithms.

Dispersion Filter Design

The string dispersion is modeled by Hq(z), which is an allpass filter with largely varying
phase delay as a function of frequency. The phase delay specification for the dispersion
filter can be obtained from Eq. (2.64) as

or = Ny — k2m — o{ Hy('7%)}, (2.64)

where ¢ is the prescribed phase response of the dispersion filter H;(z). Note that the phase
response of the loss filter H)(z) is subtracted from the specification (last term of Eq. (2.64)).
Van Duyne and Smith [1994] proposed an efficient method for simulating dispersion by
cascading equal first-order allpass filters in the waveguide loop. However, the constraint
of using equal first-order sections does not allow accurate tuning of inharmonicity.

Rocchesso and Scalcon [1996] proposed a design method based on [Lang and Laakso
1994|. Starting from a target phase response, K frequency points fj are chosen corre-
sponding to the partial frequencies. The filter order is Ny < K. For each partial k£ the
method computes the quantities:

1
ag=—3 (o + NaVg) , (2.65)

Filter coefficients a,, are computed by solving the system

Ny
> apsin(oy + 1) = —sin(ag), k=1...K (2.66)

n=1

As Eq. (2.66) is overdetermined, it is solved in the least-squares sense. The error analysis
shows that the phase error is weighted by the magnitude response of the denominator
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|Héien(z)|. This can be compensated by the iterative application of an inverse weighting
1/|H3"(2)|. It was shown by Rocchesso and Scalcon [1996] that several tens of partials
can be correctly positioned for any piano key, with the allpass filter order not exceeding 20.
Moreover, the fine tuning of the string is automatically taken into account in the design.

Since the computational load for Hy(z) is heavy, it is important to find criteria for ac-
curacy and order optimization with respect to human perception. Rocchesso and Scalcon
[1999] studied the dependence of the bandwidth of perceived inharmonicity (i.e., the fre-
quency range in which misplacement of partials is audible) on the fundamental frequency,
by performing listening tests with decaying piano tones. The bandwidth has been found
to increase almost linearly on a logarithmic pitch scale. Partials above this frequency band
only contribute some brightness to the sound, and can be made harmonic without the
degradation of sound quality.

Jarveldinen et al. [2001] also found that inharmonicity is more easily perceived at low
frequencies, even when coefficient B for bass tones is lower than for treble tones. This is
probably due to the fact that beats are used by listeners as cues for inharmonicity, and
even low B’s produce enough mistuning in higher partials of low tones. These findings can
help in the allpass filter design procedure, although a number of issues still need further
investigation.

Fractional Delay Filter Design

As mentioned earlier, the phase delay of the digital waveguide loop should be very accurate
at the fundamental frequency of the note. If it is not so, the corresponding note will be
out of tune. This can be accomplished by dispersion filter design, but it is more flexible
to use a separate filter. Naturally, when the dispersion filter Hy(z) is not implemented,
the application of the fractional delay filter Hgq(z) cannot be avoided. Once the loss and
the dispersion filters are designed, the phase delay (defined as the phase ¢ divided by the
digital angular frequency ¥) of the delay line at the fundamental frequency Yo = 27 fo/ fs
should be

2 H,;(eiPo H 4 (e%0
DO:N—i—Dfd:—W—i—(‘O{ 1( )}‘f‘(p{ d( )}

2.
Yo Jo Yo (267)

This was derived from Eq. (2.60) for the fundamental frequency, i.e., k = 1. The prescribed
length of the waveguide Dy is not an integer. The solution is to use fractional delay
filters [Valiméaki 1995; Laakso et al. 1996 in series with the delay line. The simplest
choice is the first-order allpass filter, as proposed in [Smith 1983; Jaffe and Smith 1983].
The integer part of Dy will be implemented as the delay line of the digital waveguide
with a length of N = |Dy — 0.5], and the fractional part will be realized with the first-
order allpass filter with a phase delay of Dyg = Dy — N at ¥9. The resulting fractional
delay will be 0.5 < D¢q < 1.5 which is the optimal range for the first-order allpass filter
[Valiméaki 1995]. The a; coefficient of the allpass filter can be approximately calculated as
a1 = (1 — Dgq)/(1 4 Dyq) [Smith 1983; Jaffe and Smith 1983; Véliméki 1995].
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2.3.3 Modal-based Approach

Modal synthesis is based on the fact that any vibrating mechanical system can be decom-
posed into a set of mass-spring-damper models. This is analogous to decomposing the
transfer function of the system into parallel second-order sections. This approach has been
used by Adrien [1991]. A new variation of modal synthesis is the Functional Transforma-
tion Method [Trautmann and Rabenstein 1999, 2003], where the continuous-time impulse
response of the vibrating system is computed by using the Laplace and the Sturm-Liouville
transform, resulting in a set of exponentially decaying sinusoids for linear systems. This is
then implemented by resonators in discrete time.

Here we will simply discretize the results of Sec. 2.2.4, where Eq. (2.34) describes the
motion of the different string modes. Discretizing Eq. (2.34) gives an algorithm that can be
directly applied to sound synthesis. Naturally, discretizing the impulse response Eq. (2.36)
gives the same result. The only difference is that Eq. (2.34) is parameterized by the physical
parameters of the strings, while in Eq. (2.36) the modal frequencies wy and decay times 7y
are the free parameters.

The discretization with respect to time can be done by various methods, but as the
impulse response of the modes, Eq. (2.36), can be considered as a band-limited signal, it
is sufficient to use the impulse invariant transform. However, we have to take care of not
implementing any modes having the frequency which is near or above Nyquist rate f5/2.
Accordingly, we are looking for the discrete-time system that has the impulse response

1 1 _t
—e "k sin(27 fity,), (2.68)

i) =T g

where ¢, = nAt, At = 1/fs being the sampling interval. Equation (2.68) differs from
Eq. (2.36) in that now frequencies fy = wy/(27) are used and in that it is scaled by a
factor of 1/ fs. This scaling is required because the discrete time dirac impulse has an area
of 1/ fs, while the analog dirac impulse has unity area.
In general, an exponentially decaying cosine with arbitrary initial amplitude Ay and
phase ¢y, is written as
Tk

. i .
ot _ e, e]27rnﬁ + C*e—j27rng
cr(tn) = Age” 7 cos(2m fitn + gr) = € | RF — 5 k

(2.69)

where C} is the complex initial amplitude, whose phase p{Cy} determines the initial
phase ¢ and its absolute value |Cy| equals the initial amplitude Ay of the decaying cosine
function. The asterisk * stands for complex conjugation. Taking the z-transform of ¢ (t,,)
gives

Cy Cr 1 Cy, Cr

ztaw)) = 2%+ G -5 (s ) e
k

SHE T : (2.71)

br =

where pj and pj, are the poles of the two complex resonators. After some algebraic trans-
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formations we obtain the second-order transfer function

bok +birez"1
Hiyes - : : 2.72
bO,k; = Re{C’k} (2.72b)
by = ~Re{Cipi} (2.720)
arr = —2Re{pk} (2.72(:1)
a27k = ‘pk‘Q. (2.726)
In the case of Eq. (2.68) the parameters Cj, take the values
1 1
Cp=—j —. 2.73
LT 27

It can be seen from Egs. (2.73) and (2.72b) that by = 0, as the real part of C} is zero.
Accordingly, each mode is implemented by a two-pole no-zero discrete-time system.

The computation of the string response is as follows: first, the excitation force Fy, (t,)
of mode k is computed by the scalar product of Eq. (2.35d). If the excitation force Fyxc(ty)
is concentrated to a mathematical point along the string at ey, it only leads to a scaling
by the modal shapes

Fyi(tn) = sin (’”L) Fone(tn). (2.74)

These forces F i (t,) are the input signals of the resonators H,esr(2) calculating the in-
stantaneous amplitudes yi(¢,) of the modes. Then, the displacement of the string can be
computed at an arbitrary point 0 < x < L along the string by

o t) = > nltn) i (*F) (275)

k=1

where K is the number of simulated modes. Note that the position of both the observation
point z and the excitation xey. are arbitrary, as the modal approach does not discretize the
space variable, on the contrary to finite-difference and digital waveguide modeling already
discussed in Secs. 2.3.1 and 2.3.2.

The output of the string model is generally the force at the termination, which is

computed by
K

= DTS k(- 1), (2.76)
L L k=1

0
Fy(ty) = — Toa—i

r=

Naturally, the input and output scaling factors can be incorporated into the by ; parameter
of the resonator. As an example, if the string is excited at the position zey. by a force
Fexc(tn) and its output is the termination force Fi(t,), then by becomes

w2 Tom . [ kT Texe
big = Re{Ckpk.}%k(—l)k sin <T> . (2.77)
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This simplifies the computation, as now all the resonators H,s 1 have the same input signal
Fexc(tn), and the force at the termination Fy(t,,) is calculated by simply summing the out-
puts of the resonators. Note that now these outputs have no direct physical interpretation,
as they are the scaled versions of yx(ty,).

A nice feature of the modal approach is that the modal frequencies, amplitudes and
decay times can be controlled individually. This is advantageous when the goal is the
perfect resynthesis of a specific instrument tone, as the measured data can be directly
uploaded to the model. However, some of the physicality is lost. As an example, coupling
of different strings is very straightforward with both finite-difference modeling and digital
waveguides, but here it becomes more complicated. The computational complexity of the
modal approach is somewhere between the finite-difference and digital waveguide models.

2.4 Excitation Modeling

The string and body models are of the same structure for the different string instruments,
although they are parameterized in a different way for the various instruments. On the
contrary, for modeling the excitation, different model structures have to be developed.
This is because the excitation mechanisms of the instruments are completely different, and
their precise implementation is essential for rendering the sonic characteristics of these
instruments.

2.4.1 Struck Strings

As the simplest approach, striking can be modeled by setting the initial velocity of the
string at the excitation point to a given value, while the initial displacement is zero [Smith
1992]. This is based on the assumption that the hammer is in contact with the string for an
infinitesimally short duration, which could happen only if the hammer mass is negligible
in comparison to the string mass. However, this is not the case in real instruments, so
more elaborated models are needed. As the piano is the most important struck stringed

instrument, we will concentrate on modeling the piano hammer.

The piano string is excited by a hammer, whose initial velocity is controlled by the
player with the strength of the touch on the keys. The excitation mechanism of the piano
is as follows: the hammer hits the string, the hammer felt compresses and feeds energy to
the string, then the interaction force pushes the hammer away from the string. Accordingly,
the excitation is not continuous, it is present for some milliseconds only. The hardwood
core of the hammer is covered by wool felt, whose structure is not homogeneous. This is
the reason why playing harder on the piano results not only in a louder tone, but also in
a spectrum with stronger high frequency content |Fletcher and Rossing 1998, pp. 367|.

The piano hammer is generally modeled by a small mass connected to a nonlinear
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spring |Boutillon 1988|. The equations describing the interaction are as follows:

Kn(Ay)Pr ifAy >0

2.
0 ifAy <0 (2.782)

Fu(t) = F(Ay)Z{

d2yn(t)
de?

R(t) = —my (2.78b)

where Fy(t) is the interaction force, Ay = yn(t) — ys(t) is the compression of the hammer
felt, yu(t) is the position of the hammer, and ys(¢) is the position of the string at the
excitation point Texe (i.e., Ys(t) = y(Zexe,t)). The hammer mass is referred by my, Ky is
the hammer stiffness coefficient, and P} is the stiffness exponent.

These equations can be easily discretized with respect to time. However, as seen from
Egs. (2.78a) and (2.78b), there is a mutual dependence between Fj,(¢) and yy(t), i.e., for
the calculation of one of these variables, the other should be known. This is generally
overcome by the assumption that the hammer force changes a little during one time step,
that is Fy,(t,) =~ Fy(tn—1). Although it may lead to numerical instabilities for high impact
velocities, the straightforward approach is often used in the literature [see, e.g., Chaigne and
Askenfelt 1994]. The numerical instabilities can be avoided by rearranging the nonlinear
equations to known and unknown terms |Borin et al. 2000], or, by the multi-rate method
presented in Sec. 4.1.

We note that piano hammers are not fully characterized by the model of Eq. (2.78),
as the felt has a hysteretic behavior. The hysteresis has been described by changing the
parameter P}, in Eq. (2.78) by Boutillon [1988]. A more elaborated model was presented by
Stulov [1995], which have shown good agreement with measurements when the hammer is
bouncing into a rigid object. However, the model of Stulov [1995] does not provide accurate
results when compared to real hammers striking piano strings |Giordano and Winans II
2000]. To date, no precise hammer models exist. However, it seems that the ear is less
sensitive to these variations, mostly because the short duration (1-2 ms) of the hammer—
string contact. Accordingly, implementing Eq. (2.78) already produces good sound and
the addition of the hysteretic model of Stulov [1995] only introduces a perceptual effect
comparable to lowpass-filtering. Nevertheless, hammer models based on [Stulov 1995| have
been presented in [Borin and De Poli 1996; Giordano and Jiang 2004].

Although not being a physical approach, it is also possible to measure or precompute the
temporal function of the excitation Fy (t), store it in a memory, and lead this into the string
model when a note is played. Naturally, this can also be done for other types of excitations,
such as plucking. This kind of hybrid approach has been used in |Bensa et al. 2004|, where
the strings were modeled by coupled digital waveguides. The source (hammer force) was
extracted by inverse filtering the measured string signal with the transfer function of the
string model. Then, the excitation force was modeled by a static part and a filter that
changes the frequency content of the excitation as a function of dynamic level. Note that
the disadvantage of such an approach is that the features of a real physical model (e.g., it
responds naturally to the restrike of a string still in vibration) is lost.
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2.4.2 Plucked Strings

To the first approximation, when a string is plucked, it is pulled slowly by the finger or the
plectrum at a certain point and then it is suddenly released. This means that plucking can
be modeled by setting the initial displacement of the string to a triangle shape, which is
zero at the terminations and has a maximum at the plucking point [Hiller and Ruiz 1971a].
If the string is plucked at the position 0 < zeyx. < L with the amplitude A, at the plucking
point, the initial conditions can be written as

A L .f < < exc
{ Ap Texc ! 0 =T , (279&)

‘e .
O — if Zexe <x <L

y(z,t)

y(z,t)
ot

= 0. (2.79b)

t=0

This is very simple from the sound synthesis point of view as there is no need for an
additional dynamic system for excitation modeling. For finite-difference models and digital
waveguides, Eq. (2.79) is implemented as is, while for modal models the Fourier series
of the initial displacement is computed and the initial amplitudes of the modes are set
accordingly. When the Fourier analysis is made, one finds that those modes that have
a node at the plucking point are not excited, meaning that if L/xe. is an integer, then
every L/Zex.th mode is missing from the spectrum [see, e.g., Fletcher and Rossing 1998,
p. 41]. Note that this is also true for other types of excitations. In the case of digital
waveguides it is possible to approximate the plucking as a pair of impulses, if the wave
variable is acceleration [Smith 1992|. However, for the plucking model of Eq. (2.79), the
only two parameters are the excitation point Zex. (controlling the missing harmonics) and
the plucking amplitude A;, (setting the overall amplitude), which is quite poor compared
to the freedom what a guitar player has during plucking. Especially if we notice that the
role of A}, is to set the overall amplitude of the modes, thus, it has no influence on the
spectral content.

A more realistic model is a modified hammer model presented in [Borin et al. 1992],
where the dynamics of the plectrum is written as Eq. (2.78b), while for the nonlinear
plucking force Eq. (2.78a) is modified in a way that above a certain Ay level, the force
F(Ay) drops to zero. This corresponds to the point when the plectrum releases the string.
The plucking model is implemented in the same way as the hammer model of Eq. (2.78),
that is, it is discretized and connected the string model at the excitation point Zee.. A
more elaborated plucking model has been presented in [Cuzzucoli and Lombardo 1999,
where the finger is modeled as a dynamic system including its damping effect. By varying
the model parameters and the shape of the external force (the force with which the player
moves its finger), different kind of plucking sounds could be synthesized. For the harpsi-
chord, a simple plucking model has been presented in [Giordano and Winans IT 1999]. To
conclude, an advantage of the plucking model approach that the model has more degrees of
freedom, but it requires the additional computation of the excitation model. Note that this
additional complexity is generally negligible compared to string modeling as these models
are simple lumped systems and they run only the very first part of the tone (i.e., during
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excitation).

2.4.3 Bowed Strings

In the case of bowed instruments the excitation comes from the friction between the string
and the bow hairs. The bow, moving perpendicular to the string, grips the string (sticking
phase). Due to the increasing displacement of the string, the elastic returning force is also
increasing until its level reaches the sticking friction. At this point the bow releases the
string, the string swings back (slipping phase) and then vibrates freely. This vibration
is damped partly by the own losses of the string and partly by the slipping friction that
develops between the string and the bow hairs. This state lasts as long as the bow grips
the string again, which occurs only when the velocity of the bow and the string equals. In
this case, their relative velocity is zero, the frictional force is maximal. This alteration of
the stick and slip phases is the so-called Helmholtz motion. The excitation is periodical

and generates a sawtooth shape vibration [see, e.g., Fletcher and Rossing 1998, p. 47|.

In [Hiller and Ruiz 1971a] a simplified model of bowing was used assuming that the
string either moves along with the bow or it slips away with negligible friction, i.e., vibrates
freely. The switching between these two states was controlled by comparing the string slope
|0%y /02| with a precomputed constant.

MclIntyre et al. [1983] proposed a more physical algorithm later named the “MSW
algorithm”, which is the most often used bowing model in the literature. In the MSW
algorithm the dependence of the excitation force on the velocity difference of string and bow
is described by a viciously nonlinear function. For zero velocity difference (sticking phase),
the friction force can increase until a certain maximal value (the static friction), then the
dynamic friction decreases as the velocity difference increases (slipping phase), similarly
to what is found in reality. The method is well suited for the waveguide formalism, as it
operates with incoming and reflected waves. It computes the required velocity correction of
the string for a given incoming string velocity and bow velocity by finding the intersection
of the nonlinear velocity-force curve of the interaction and the straight line determined by
the impedance of the string. Smith [1986] presented a simplified implementation of the
MSW algorithm by the application of a signal-dependent reflection function at the bowing
point. The reflection coefficient is read from a look-up table as a function of the relative

velocity of string and bow, eliminating the need of an equation solver.

The models based on a memoryless relation of the relative velocity and interaction force
(such as the MSW algorithm) render the most important features of the bow-string inter-
action. However, for some secondary effects, such as hysteresis, more sophisticated models
are needed. Numerous bow modeling techniques are reviewed in [Serafin 2004, including
dynamic friction models where the contact force is modeled by a nonlinear differential

equation.
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2.5 Instrument Body Modeling

Here we treat the instrument body and the bridge (a wooden piece which transmits the
string vibration to the body) as one subsystem. Thus, body modeling refers to modeling
the bridge-body system of the instrument. The effect of the instrument body on the sound
is twofold. Its main role is to lead the vibration of the string to the air, producing the
sound pressure that can be heard. In most of the cases this effect can be characterized by
a frequency-dependent transfer function, describing the sound pressure at a given location
as a function of the string force acting on the instrument body. The other effect of the
body is that it also influences the string vibration itself. This is because the bridge is
not infinitely rigid, it vibrates according to the normal modes of the bridge-body system,
providing a frequency-dependent terminating impedance to the string. This influences the
decay times and the modal frequencies of the string vibration and produces a coupling
between the different strings.

Two main approaches can be distinguished between body modeling techniques, depend-
ing on which one of these effects is implemented. In the physically accurate case, both the
radiation and impedance characteristics are modeled. The input of the body model is the
string force, and the outputs are the bridge velocity acting back on the string and the sound
pressure at a given location in space. On the other hand, when the body is implemented
as a post-processing technique, only the sound pressure is computed as a function of string
force. Thus, the impedance effect (the feedback to the string) is not modeled with this ap-
proach but is taken into account in the string model. The advantage of the post-processing
technique over the physics-based one is that the model structure becomes simpler. More-
over, the parameter estimation is also simplified as now the modal frequencies and decay
times are influenced by the string model only. Conversely, the physics-based body mod-
eling approach is closer to reality and automatically takes into account some interesting
second-order effects, such as the coupling of different strings.

For the string and the excitation, one of the main motivation for using the physics-based
approach is that it takes into account the interaction of the musician in a meaningful way
as the input parameters are physical variables, such as string length or bow velocity. This
factor has no importance in deciding whether a physics-based or a post-processing type
body model should be used, as the player cannot influence the parameters of the instrument
body in real instruments. Naturally, the physics-based approach might have its benefits for
producing never heard synthetic sounds. As an example, such an approach can be made
capable of producing a sound of a virtual instrument whose body is continuously changing
its shape.

2.5.1 Physics-based Modeling

In physics-based body modeling, both the impedance and radiation properties of the bridge-
body subsystem are modeled. A common feature of these models that they are generally
parameterized by physical dimensions and material properties of the instrument body, and
not by transfer function measurements. This way, these models can be used to predict how
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the sound of a real instrument would change by having different shape or being of different
material.

A straightforward choice for modeling the instrument body is finite-difference modeling,
as here the continuous time equations can be directly implemented in discrete time. One
nice example is the piano model of Giordano and Jiang [2004], where the piano soundboard
is modeled by a finite-difference plate model. This model takes into account the effect of
the ribs and the bridge by varying the thickness of the board. The soundboard is excited
by the string force, and it acts back to the string through the bridge movement. An
interesting feature of the model is that its output is taken from a three-dimensional finite-
difference room model, which is excited by the soundboard movement. A finite-difference
guitar model has been presented by Bader [2003|. The novelty of the approach is that the
nonlinear coupling of the transverse and longitudinal waves in the guitar top-plate is also
modeled, together with the vibration of the air cavity. Unfortunately, these finite-difference
body models are computationally so demanding that they cannot be run in real-time.

The instrument body might be also modeled by the modal approach. Woodhouse
[2004a,b| presented a guitar model where the vibration of the body has been simulated by
a modal model, whose parameters were fitted from real measurements. In [Cuzzucoli and
Lombardo 1999] a much simpler model has been used that describes the guitar body with
three modes (the first resonance of the table and the air, and the Helmholtz resonance),

yielding an approximation valid only for the low frequencies.

2.5.2 Post-processing Techniques

In this approach, the radiation effect of the instrument body is taken into account as a
linear filtering operation upon the signal coming from the string model. Here the impedance
effects of the body upon the string (the alteration of modal frequencies and decay times,
the coupling of different strings) are implemented in other parts of the model (i.e., in
the string). This way the modeling problem reduces to filter design. Unfortunately, the
transfer function of real instrument bodies exhibits high modal density, making difficulties
for standard filter design algorithms. For high quality sound, high-order filters are needed.
Their computational complexity can be 10 or 100 times higher than that of needed for a
digital waveguide based string model. As an example, the pressure-force transfer function
of a piano soundboard is shown in Fig. 2.5. The soundboard was excited by hitting the
bridge with an impact hammer. The excitation force and the sound pressure at 2 m distance
from the piano were simultaneously recorded. The ratio of their spectra is depicted in this
figure. Ideally, the last block of Fig. 2.1 (p. 8) should have similar transfer function to
the one displayed here in Fig. 2.5. The different filtering techniques will be reviewed in
Sec. 4.3.

A further difficulty of the filter-design based post-processing approach lies in the fact
that the measurement of body impulse responses is a complicated task, especially at high
frequencies (above 5-10 kHz). This is because impulse hammers generate an excitation
pulse that is of lowpass character, leading to a measured response where the high frequency
part is more noisy, i.e., less reliable. This might be avoided by using periodic excitations
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Figure 2.5: The force-pressure transfer function of a piano soundboard.

generated by shakers. However, it is much harder to properly fit a shaker to the instrument
body than hitting the bridge by a hammer. The discussion of the measurement methods is
out of the scope of this thesis. We only note that the impulse responses obtained by force-
hammer excitation seem to provide perceptually acceptable responses. The most probable
reason for this is that the less reliable high-frequency part of the response is excited by the
string at a smaller amplitude (the string signal is also of lowpass character) and that the
ear is relatively insensitive to the variation of modal parameters at high frequencies.

The computationally most efficient way of implementing the effect of the body filtering
is to model it by a reverberation-like algorithm. As an example, in the model of Garnett
[1987] several digital waveguides were coupled together to give a high-density impulse
response. Borin et al. [1997] suggested the use of feedback delay networks for modeling
the force—velocity response of the piano soundboard, which could be used for modeling the
coupling of different strings, too. A difficulty of these reverberator-based approaches is
that only the statistical distribution and the overall damping of the body normal modes
can be set by the available parameter estimation techniques. Therefore, the sound quality
of these algorithms is usually inferior to the filter-based techniques, but they require less
computational power.
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2.5.3 Commuted Synthesis

To avoid the problems of filter design and high computational demand, the commuted
synthesis technique was presented in |[Karjalainen and Vélimaki 1993; Smith 1993]. This
is based on the idea that if all the elements of Fig. 2.1 (p. 8) are linear and time-invariant,
and the feedback from the string to the excitation and from the body to the string is
neglected (i.e., the dashed arrows are deleted from Fig. 2.1), the system reduces to three
linear filters in series. The order of these filters can be commuted, which results in a
structure of Fig. 2.6.

Body » Excitation » String ——» Sound

A A

Control

Figure 2.6: Commuted synthesis.

As the input signal of the model is a unit pulse, the body filter does not have to be
implemented. Its impulse response can be stored in a wavetable whose content is simply
fed to the string. The effect of excitation filtering can also be taken into account in the
wavetable. In this case, different wavetables have to be stored for the different excitation
types for all the notes. If the excitation table is computed by filtering the recorded sound
with the inverse of the transverse function of the string model, then the output of the model
equals the original up to the length of the excitation table. This is extremely useful when
the goal is the precise resynthesis of the recorded instrument sound. Actually, in this case
commuted synthesis can be considered as a tricky sampling algorithm, which reproduces
the first part of the sound precisely, then it repeats one period of sound and filters it
periodically to produce the approximate frequency and decay of the partials. Astonishing
results have been achieved by this method in the case of the acoustic guitar at relatively
low computational complexity [Valiméki et al. 1996; Viliméaki and Tolonen 1998|.

The drawback of the method is that the excitation model looses its physicality. Now
the excitation model is either the part of the wavetable, or implemented as a linear filter.
Thus, it is controlled by either switching between wavetables, or changing filter coeffi-
cients, rather than varying a physical parameter such as plucking force. The bidirectional
interaction of the excitation and the string cannot be implemented anymore, therefore
some effects, such as the restrike of a string, cannot be implemented this way. More-
over, complex nonlinear excitations, such as bowing, cannot be linearized. Although an
efficient commuted violin model exists [Smith 1997], it models the main feature of violin
excitation only. More importantly, when the string model itself is nonlinear (see Chap. 6),
then commuted synthesis cannot be applied. Nevertheless, for such applications, where
low complexity is more important than sound quality (multimedia, computer games), the
commuted synthesis with linear string models is still the best option.
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2.6 Conclusion

This chapter has outlined the most common strategies for modeling the different parts of
string instruments.

For string modeling, three main approaches have been described. The first one, finite-
difference modeling, is the direct discretization of the wave equation. It’s main advantage
is the direct connection to the continuos-time equation, making it possible to model such
complicated situations as spatially nonuniform tension (this will be exploited in Sec. 6.4).
On the other hand, it has the largest computational complexity among the three main
string modeling approaches.

The discretization of the traveling-wave solution of the wave equation leads to digital
waveguide modeling. The losses and dispersion of the string are lumped to one point,
resulting in a delay line and a filter in a feedback loop. This allows very efficient imple-
mentation. Indeed, for linear string models, the digital waveguide seems to be the best
choice as it results in the lowest computational complexity for a given quality requirement.
Moreover, it has a strong connection to physical reality, as it operates with incident and
reflected waves, making the coupling of the different strings easy to implement. On the
other hand, it can model nonlinear string behavior with certain limitations (see Sec. 6.3.6).

The third technique is based on the discretization of the modal solution of the wave
equation. Consequently, the string motion is computed by a set of second-order resonators,
implementing the normal modes of the string. The computational complexity of the ap-
proach is between the finite-difference and digital waveguide techniques. The main advan-
tage of the technique is that its parameters can be easily set in a way to mimic a recorded
tone. On the other had, it only has an indirect correction to physical reality, making some
second-order effects (coupling of strings, temporal variation of tension) harder to imple-
ment. In any case, when only a small number of modes have to be implemented (as for
modeling the longitudinal motion in Chap. 6), the modal approach is the most efficient.

The main difference between the various string instruments lies in the excitation mech-
anism. Therefore, the effects and modeling techniques of striking, plucking, and bowing
have been outlined in Sec. 2.4. In general, the excitation is modeled by the discrete-time
implementation of a one-dimensional, nonlinear differential equation.

Then, the most common techniques for modeling the instrument body have been de-
scribed. The physics-based approach models the motion of the different parts of the in-
strument body and is generally parameterized by the geometric and material properties of
the instrument. Therefore, these models are well suited for experimentation (e.g., how the
shape of the body affects the sound), and they model the coupling of the instrument parts
in a physically meaningful way.

On the other hand, the post-processing technique treats the body as a “black box”
model, copying the sound pressure response of the original system for a given input force.
Generally, post-processing techniques provide better sound quality as their parameters
are estimated from the measurement of real transfer functions. Moreover, they can be
efficiently implemented in DSPs, as they are implemented by digital filters.

A special case of instrument body modeling is the commuted synthesis technique, where
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the impulse response of the body is stored in a wavetable, read sample by sample, and fed
to the string. The commutation of body, excitation and string can be done in the case of
linear string and excitation models. In this case, this is the most efficient body modeling
technique, as the body model is reduced to reading samples from a memory. However, the
technique cannot be applied for nonlinear excitation and string models. In that case the
model had to be linearized by converting the time-invariant nonlinear elements to linear
ones with varying parameters. As a result, some of the secondary effects of real instruments,
such as the restrike of a string and the modulation of tension, cannot be modeled.

As we have seen, various approaches are available for physics-based sound synthesis of
string instruments. The choice mainly depends on the quality requirement and the available
computational power. Another factor is that whether the purpose is to experiment by
changing the geometric and material properties of the instrument or to realize a sound
synthesis model whose sound resembles to a given instrument. On the whole, no “perfect
solution” exists, it is always a compromise between the given requirements.



Chapter 3

Loss Filter Design for the Digital
Waveguide

This chapter presents new techniques for decay time-based loss filter design. First the
case of the one-pole filter is discussed, which is the most commonly used loss filter in the
literature. Approximate equations are given that relate the parameters of the one-pole
filter to the coefficients of the lossy wave equation. Based on this relation, a simple and
efficient filter design technique is presented, which applies weighted polynomial regression.
In those cases where the goal is the precise resynthesis of a given sound, the one-pole filter
might not provide sufficient accuracy. Therefore, a simple and robust design method is
proposed for high-order loss filters. Both algorithms minimize the error of decay times
instead of the error of the magnitude response, as suggested in [Smith 1983|. Another
common feature is that both techniques are based on mean squares optimization, leading

to robust and simple implementations.

3.1 The One-pole Loss Filter

As already mentioned in Sec. 2.3.2, the one-pole filter is the most commonly used loss filter
in digital waveguide models. Despite its simplicity, the one-pole loss filter has been found
to be a good approximation for many string instruments [Valiméki et al. 1996; Valimaki
and Tolonen 1998|. The pattern of the decay times, which arises when one uses such a
filter, matches the decay of a real string perceptually well. This was the main motivation
to find the connection between the digital waveguide with a one-pole loss filter and the
wave equation of the lossy string. After presenting the approximate equations for the decay

times, a robust filter design technique is proposed.

3.1.1 Approximate Formulas for the Decay Times
The magnitude response of the one-pole filter Hi,(2) of Eq. (2.63) is:

1+ aq

Hyp (67| =
1o ()] g\/a%—i—l—i—Qalcosﬂ

(3.1)

39
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From Eq. (2.61) decay times 7 of the partials produced by a digital waveguide with

such a filter are
1 1

Foln [Hyp (%) ~ fo(1— [Hyp(e?)])’

where fy is the fundamental frequency of the note, and for the logarithm function the

(3.2)

Tk = —

first-order Taylor-series approximation was used. Note that here we assume f; = kfy
and neglect the effect of inharmonicity (originally included in Eq. (2.61)). The effect of
inharmonicity is discussed at the end of this section.

From Egs. (3.1) and (3.2) the decay rate o, = 1/7y is expressed as

‘ 1+aq
J ( ’ p( )’) ] g\/a%+1+2alcosﬁk

Va2 + 1+ 2a;g cos 9y, — g(1 +a1)
\/a1 + 1+ 2aq cos ¥4

= fo (3.3)

Using the second-order Taylor-series approximation for the cosine function (cos z ~ 1—22 /2
for z = 0) gives

\/(al +1)2 — a1 — g(1 4+ a1) 1= (a1+1)2192
o ~ fo = fo 5 . (34)
V0@ +12 - [T

By noting that denominator is close to 1 and /1 + 2 ~ 1+ x/2 for z ~ 0 we obtain

or ~ fo (\/1 e e) R (00 - ). 69)

Finally, the decay times of the digital waveguide with a one-pole loss filter will be

1 1
Tk = o ~ o el? 07 (3.6a)
aa = fo(l— ) (3.6b)
s = —Jog—7y e + OEk (3.6¢)

where 9}, is the digital angular frequency. The approximation is accurate for g = 1 — ¢,

and a; = —¢,, where €4 and ¢, are small positive numbers. This holds for loop filters used

in practice. Example values are available, e.g., in [Valiméaki and Tolonen 1998|.
Replacing 9, with the angular frequency wy = fs¥y gives

1 1

= —r —7 3.7
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Jo @
by = ——S5————. .
3 2500, + 12 (3.7¢)

Equation Eq. (3.7a) is similar to the decay time of a wave equation with the simplest
frequency dependent losses, where the by and bs coefficients correspond to the first- and
third-order time derivatives of the wave equation (see Eqgs. (2.46) and (2.47)).
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Equation (3.7) can be reformulated to

1
—_—

i
1+ (fr/2)

where 79 is the decay time at DC (which is near to the decay time of the fundamental)

(3.8)

Tk = T0

and f; /o is the frequency where the decay time decreases to the half compared to To.
The parameters of Eqs. (3.7) and (3.8) are related by by = 1/79 and bg = b1 /(27 f;/2)*.
Equation (3.8) shows that the decay times 74 evolve as a function of frequency fj similarly
to the magnitude response of a second-order filter, i.e., they fall at a rate of 12 dB/decade
above f; /5. It is interesting to note that a first-order filter leads to a second-order type
behavior with respect to decay times.

The form of Eq. (3.8) is particularly advantageous for the real-time control of string
decay, as 19 and [/ are more meaningful than the filter coefficients g and a; or the
loss parameters by and b3 of Eq. (3.7a). The overall decay time is set by 79, while f. /2
determines the frequency where the partial decay times start to fall.

So far we have assumed that the tone produced by the string model is perfectly har-
monic, i.e., fr = kfo. If the model contains a dispersion filter H4(z) introducing significant
inharmonicity, the derived equations Egs. (3.2)-(3.7) have to be corrected: fy has to be
replaced by fi/k in every places. As a result, the decay times obtained by Egs. (3.6)-(3.8)
has to be multiplied by (kfo)/fx, which is the reciprocal of the inharmonicity index

_ e
kfo

The inharmonicity index I equals unity for perfectly harmonic sounds and it is around
1.05—1.25 for the 30th partial of the piano [see Bank 2000b, Fig. 2.4 on p. 25|. Accordingly,
Eq. (3.6a) becomes

Iy, (3.9)

1 1
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TR =
while ¢; and ¢ are still computed as in Egs. (3.6b) and (3.6¢). In the next section we will
see how the “inverses” of Egs. (3.6) and (3.10) can be used for filter design.

3.1.2 Filter Design Based on Polynomial Regression

In the literature, the two parameters of the one-pole loop filters are set by ad-hoc algo-
rithms. In [Vélimaki et al. 1996] the DC gain g was set according to the decay time of the
first few partials. The pole of the filter was determined by continuously adjusting a; and
searching for the minimum of the approximation error. The magnitude error was computed
in a least squares sense, by using a weighting function 1/(1 — gx) putting more emphasis
on slowly decaying partials. However, the overall decay time is not always matched by this
algorithm. This algorithm has been extended by a complicated nonlinear optimization in
|[Erkut et al. 2000|, which is based on the amplitude envelope of the synthesized and the
original signal.
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Based on the results of the previous section, a simple and robust design method is
presented that overcomes these problems. Equation (3.10) shows that the decay rate oy
is a second order polynomial of ¥, multiplied by the inharmonicity index series Iy. This
is the basis of filter design: ¢; and c3 are estimated by polynomial regression from the
measured decay rates. Then, the g and a; coefficients of the one-pole filter can be easily
calculated from ¢; and c3 by the inverses of Egs. (3.6b) and (3.6¢).

However, it is perceptually more meaningful to minimize the mean-square error of the

decay times instead of the error of decay rates. The expression of the decay-time error e

K K 1 1 2 K
GT:Z(%k_Tk)QZZ%]ET]? <%_k_7'_k) :Z%IETIE(&I‘;_JI‘;F (3.11)
k=1 = k=1

where o), = 1/7; are the prescribed, and 6, = 1/7; are the approximated decay rates.
Inserting Eq. (3.10) into Eq. (3.11) gives

is:

K K 2
er =3 Fmillelcr + cs0}) — o) =D wy (cl + 3092 — %’:) (3.12)

k=1 k=1
where 9, are the angular frequencies of the partials, wy = 713%13 /I Ig are the weights, and e,
is the approximation error which should be minimized with respect to the parameters c;
and c3. Note that the weights w; can be approximated by wy = Tlfﬂf, which is neglecting
the term 1/ I,f. This can be done because I} has much smaller variation than 7, therefore
it will only produce a slightly different weighting. However, I cannot be neglected from
the prescription oy /I, as that would result in different decay rates (Ij times larger than
desired).

The problem with Eq. (3.12) lies in the weights wy: the approximated decay times 7%
are not known beforehand. This can be solved by first using w; = 7',;1 and then running
the polynomial regression algorithm again, now computing 75 from the c¢; and cg values
by applying Eq. (3.10). This iteration should be done until the error e, does not decrease
significantly.

Differentiating Eq. (3.12) with respect to ¢; and cg, and setting de,/0c; = 0 and
Oer/dcsg = 0 gives:

M(wp) M(wpopdi) — M(wgog) M(wid3)

T M) M) — M)
o= Mlwror) — s M(wydi)
' M(uy,)
K
M) = ap (3.13)
k=1

The advantage of polynomial regression is that it is fast to compute and it does not need
any iteration or nonlinear approximation technique. However, the polynomial regression
should be run at least twice, since the weights w; can be computed accurately only this

way.
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Once the coefficients ¢ and c3 are in hand, the filter parameters g and a; are computed
by the inverse of Egs. (3.6b) and (3.6¢):

c1
= 1—-—= 3.14a
g T (3.14a)
i L2
ap = —1-— fo ic3f0 1o (3.14b)
3

Figure 3.1 shows the results of the novel one-pole filter design algorithm for the note Ai
(466 Hz). It can be seen that already the first approximation (wy = 7;}) gives good results,
but it is biased towards the high decay times (dash-dotted line). The second approxima-
tion was calculated by using the 73, values from the output of the first approximation for
wy = 7272 (dashed line). It is very close to the graph of the 100'" iteration (solid line).
Consequently, there is no need for using the polynomial regression of Eq. (3.13) more than
twice to achieve good results. This has been found to be valid for other tones as well.
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Figure 3.1: Prescribed (dotted line with black points), and approximated decay times
for one (dash-dotted line), two (dashed line) and 100 (solid line) iterations by using the
proposed one-pole filter design algorithm.

By looking at Fig. 3.1 one notes that the decay times of the first 10 partials are matched
quite well but the higher ones are much smaller in the approximation than in the prescrip-
tion. This is because of the nature of the one-pole filter. A more precise approximation
for the higher partials, by e.g., minimizing the relative error of decay times by applying
wg = T,?, would lead to a large error in the decay times of the first partials, and thus in
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the overall decay time of the note. It seems that the decay times of strings do not exactly
follow the theoretical curve of the string with first- and third-order time derivatives. This
is mainly because that simple model does not take into account the different sources of
string losses [see Fletcher and Rossing 1998, pp. 53-56]. We have to note that this does
not result in worse sound quality, mostly because the ear is relatively insensitive to the
variation of decay times. The overall decay time of the tone can be varied from -25 to
+40% without audible consequences [Jarveldinen and Tolonen 2001]. Naturally, it is pos-
sible that smaller variations in the decay times of the individual partials are perceivable.
Thus, further psychoacoustic research would be necessary to answer this question precisely.

On the whole, the novel algorithm gives good results for designing the one-pole loss
filter. The string model with the one-pole loss filter is able to follow the general trend
of the decay times, but it cannot capture the small variations coming from the effects of
the string termination. The error criterion optimizing for the decay times seems to be
appropriate, but any other kind of weighting can be used, if necessary. However, it will
not improve the approximation significantly: if one wishes to model the measured decay

times more accurately, higher-order filters are needed.

3.2 High-order Loss Filters

The fact that the loss filter has only one pole is a hard constraint itself, since it restricts the
sets of realizable decay times to a great extent. Moreover, applying e.g., a fourth-order loss
filter instead of a first-order one would not increase the computational costs significantly. A
straightforward solution for designing such a filter is to use standard filter design methods
for gi, e.g., by minimizing the mean squared magnitude error Zle(\Hl(ewk)\ — )%
Nevertheless, problems arise because the decay times are a nonlinear function of the filter
magnitude response. Therefore, as g, approaches unity, the same amount of magnitude
deviation g — gp will correspond to a larger and larger difference in the decay time 73, —
Tr. Moreover, if the magnitude response of Hj(z) exceeds unity at one of the partial
frequencies, the digital waveguide becomes unstable, since the loop gain is larger than 1.
Smith [1983] reviews many different filter designing techniques, but, most probably due to
their complexity, they have not been widely used in practice.

In [Bank 2000b] a robust filter design method has been presented for high-order loss
filters. The decay time error is computed from the expression of decay times (Eq. (2.61))
for harmonic strings (fx = kfo) by using the first-order Taylor series approximation for
the logarithm function (Inz ~ x — 1 for z ~ 1):

eTzi(%k_Tk)2:i< ! ! )2%%(?%( 1A ! )2 (3.15)

P — \folngr  folngk L= 1=

where gp are the prescribed filter magnitudes at the partial frequencies ¥ and gp =
|H;(e77%)| are the corresponding values of the approximation. Since the g;, and g values

are close to 1, the approximation for the error is very accurate. Note that we again assumed

T = kfo.
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A transformed filter Hy,(z) is designed by a least squares filter design algorithm (e.g.,
invfreqz in MATLAB) by using a transformed specification gj ;. This minimizes the
error

L ¢ H..(eI9k 2 1
=T > w ( G gk,tr) s Gkt = (3.16)

0 1 1—gk
where 0}, refers to the frequency of partial k. The loss filter Hj(z) can be computed from
the transformed filter Hi,(z) by the inverse transformation

1
Hy(z)=1 )’ (3.17)
The loss filter is either directly implemented as Hj(z) or as a parallel structure having unity
gain at one branch and —1/H¢,(z) in the other. Implementing Hij(z) directly leads to a
simpler structure, but it might lead to higher computational complexity (e.g., when Hi,(z)
is an FIR filter). The physical interpretation and the stability analysis of the method is
covered in [Bank 2000b| in detail.

A different approach was taken by Erkut [2001]|. The idea is similar to the one-pole filter
design of Sec. 3.1.2 but now a high-order polynomial is fit to the decay rates o = 1/7,
which contains terms of even order only. Then, instead of analytically computing the filter
coefficients, a magnitude specification is calculated from the decay rate curve defined by
the polynomial and this magnitude response is used as a specification for minimum-phase
filter design. A difficulty of the approach that the decay rates given by the higher-order
polynomials might take unrealistic (e.g., negative) values. This is dealt with parameter
shrinkage algorithms, increasing the complexity of filter design. Recently, two papers have
been published that apply special filter structures (sparse filters) in [Lehtonen et al. 2005;
Rauhala et al. 2005|, which use the weighting-based method of Sec. 3.2.1 as a reference
(which has been published in [Bank and Valimaki 2003]).

3.2.1 Weighting Function Based on the Taylor Series Approximation of
Decay Times

A simple yet efficient filter design method is based on the first-order Taylor series approx-
imation of the decay-time error. Here again the error with respect to the time constants is
minimized. For example, in the mean squares sense the error is e; = Y 1, (7 —73)? where
Tk are the prescribed and 75 are the approximated decay times. The decay times of the
synthetic tone can be computed from the magnitude of the designed filter g, = |H;(eV*)|
by Eq. (2.61). Writing Eq. (2.61) as a function gives

k

= 7(0) = =5 (3.18)

If the function 7(gx) is approximated by the first-order Taylor polynomial around the
specification g, we obtain:

=

K K

er =Y (T(Gr) = 7(gr))> = Y (7 (k) (G — 91))% = Y wi Gk — gr)%, (3.19)

k=1 k=1 k=1
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which is a simple mean squares minimization with weights wy, = (7'(gx))?, where 7/(gz)
is the derivative of the function 7 with respect to the specified magnitude gg. Similar
derivations can be performed for other error criteria (e.g., minimax). Note that now the
weights depend on the magnitude specification and not on the frequencies, which is more
common in digital filter design.

The first derivative of 7(gg) is

k 1
 fuge(ngr)? I fogr(In gr)
where I = fi/(kfo) is the inharmonicity index. For g = 1 —¢€, 0 < € < 1, which is
generally the case, 7/(gx) can be approximated by 7/(gx) =~ 1/(I1 fo(gx — 1)?). This comes

7 (9k) = (3.20)

from the first-order Taylor series approximation of In gx. Since 1/fy does not depend on
k, it can be omitted from the weighting function. Hence, the weighting function becomes
B 1 N 1

C Lgi(ng)t T (g - DY

A similar weighting function was obtained for the L*° norm minimization of the decay-time

wy, (3.21)

error in [Smith 1983, p. 182-183|. If the inharmonicity is moderate, which is the case for
string instruments including the piano, [ Ig may be neglected from the weighting function.
This is not the case for simulating the sound of bars.

The approximation of Eq. (1) is accurate only for gp ~ gx, which means that the
magnitude of the designed filter is close to the specification. In many cases the measured
decay times have a great variance, which cannot be followed by filters of reasonable order
(N < 20). Therefore, it is worthwhile to smooth the decay time data 7, e.g., by convolving
them with a short window function before computing the specification gg. This way, the
condition g =~ g, can be assured.

The Phase

The magnitude specification g and the weights wy can be directly used for linear-phase
FIR filter design. However, by doing so, half of the degrees of freedom are wasted for
demanding the impulse response to be symmetric. In practice, it is not necessary to have
an exactly linear-phase loss filter, since a nonlinear phase response corresponds to a slightly
inharmonic tone, which does not corrupt the sound quality.

Designing minimum-phase filters is a pleasant choice, since then the phase specification
can be easily computed from the logarithm of the magnitude specification by Hilbert trans-
form |[Oppenheim and Schafer 1975|. Note that the Hilbert transform needs magnitude
data for the entire digital frequency band and on a linear frequency scale. The missing
data points in the high frequency region are calculated by designing a one-pole filter for the
specification, e.g., by the method proposed in Sec. 3.1.2. Then, the magnitude response
of the one-pole filter is used as a specification for the high frequencies. This is reasonable
since the loss filter behavior in the high frequency region has no significant influence on
the resulted tone and such a simple specification is easily fulfilled by the filter design. At
the original data points of the highest specified frequencies a crossfade is applied to avoid
discontinuities.
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Design Example

Examples are presented for IIR filter design. For the examples, the weighted least squares
method implemented in MATLAB’s invfreqz function is used [Mathworks 1996|. The
decay time data are smoothed by convolving them with a triangular window [0.25, 0.5, 0.25].
Here, the last five data points of the measured specification are linearly mixed to the
magnitude response of the designed one-pole filter. The magnitude response on a dense
linear grid is calculated by using third-order polynomial interpolation, which was found to
be accurate enough. The phase response on this dense grid is computed by the Hilbert
transform and then resampled at the frequencies of the original specification points.

The decay time data used for this example was calculated from an F2ﬁ piano tone
(fo = 92.2 Hz), near-field recording. The decay rate of the partials up to 6.57 kHz were
measured, which yielded data for 64 partials. The sampling frequency is fs = 22.05 kHz.
The smoothed decay times are displayed with points in Fig. 3.2 (¢). The filter magnitude
specification calculated from the smoothed decay times has been plotted with points in
Fig. 3.2 (a) and (b). IIR filters of order 2, 8, and 16 were designed. The magnitude
responses are depicted in Fig. 3.2 (a), and Fig. 3.2 (b) shows the same curves magnified for
the most relevant frequency and magnitude region. Fig. 3.2 (c¢) shows the corresponding
decay times. Figure 3.2 reveals that the magnitude error is smaller where the specification
gk is closer to unity, which is necessary for the equal accuracy in decay times. Similar
results have been obtained with several cases of piano and guitar data. The magnitude
response of the designed filters never exceeded unity, that is, the digital waveguide loop
remained always stable.

3.3 Conclusion

In this chapter different loss filter design techniques have been presented, all of them based
on minimizing the decay-time error. In Sec. 3.1.2 a simple technique have been described
for designing one-pole loss filters, which applies the analytical expression of the decay times
of such a filter [published in Bank 2000b|. Section 3.2.1 has proposed a simple and robust
technique for high-order loss filter design, based on the first-order Taylor series of the
decay-time error and suggested the use of smoothing the target response and designing a
minimum-phase loss filter [published in Bank and Véliméki 2003]. The choice between the
one-pole or the high-order loss filters mainly depends on whether the synthetic tone should
highly resemble to a specific recorded one or it should only reproduce the characteristic
sound of a given instrument. As an example, piano sounds synthesized by the one-pole
loss filter still sound piano like. Actually, they do not sound worse than the recorded ones
with respect to tone decay, they just sound different. This difference can be minimized
by applying high-order loss filters. We have to note that the computational complexity
of the loss filter is negligible compared to other parts of the model (e.g., the body, or the
dispersion filter in the case of inharmonic strings), so there is no real drawback of applying
a high-order loss filter with respect to computational complexity. However, the parameters
of the high-order loss filter cannot be tuned intuitively by the user, unlike for the one-pole
loss-filter, where 79 and f; /5 in Eq. (3.8) have a physical and perceptual meaning.
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Figure 3.2: IIR loss filter magnitude responses (a) for the full frequency band and (b) at
low frequencies up to 2.5 kHz, and the corresponding decay times (c) for filter orders of 2
(dash-dotted line), 8 (dashed line), and 16 (solid line). The specification is depicted with
dots in each case.



Chapter 4

Multi-rate Techniques for Efficient
String Instrument Modeling

In this chapter multi-rate techniques are applied for increasing the computational efficiency
of string instrument modeling. First, a multi-rate excitation model is presented in Sec. 4.1
which solves the problem of noncomputable loops in a simple and efficient way. This is
followed by a multi-rate resonator bank in Sec. 4.2, which is able to model the beating and
two-stage decay of strings at a fraction of the computational cost needed by earlier methods.
In Sec. 4.3 a multi-rate filtering technique is proposed which decreases the computational
cost of instrument body modeling by an order of magnitude compared to previous filtering
methods. These techniques have been developed for piano modeling, but they can also be
used for other string instruments. The excitation model and the beating and two-stage
decay model can be used for impulsively excited (plucked or struck) string models. The
body model is the most general in this sense, as it can be used for bowed strings, too.

Note that whenever the methods are compared to each other with respect to compu-
tational cost, it is in terms of the numbers of multiplications and additions, and we do
not deal with the necessary overhead coming from loops, conditional jumps, etc., as they
depend on the implementation.

4.1 Excitation Modeling

Let us take the example of a hammer model implementing Eq. (2.78). Here we repeat the

equation

- [ Ku(ap)P ifAy >0

d*yn(t)
de?

(4.1a)

() = —my

(4.1D)

As already noted in Sec. 2.4.1, the problem of discretizing Eq. (4.1) lies in the fact that
there is a mutual dependence between the excitation force F}, and the hammer position
yn. Thus, for computing Fy, by Eq. (4.1a), y, should be known, which is, in turn, can be

49
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computed only by Eq. (4.1b) if we know Fj,. When the block diagram of this system is
drawn, this fact leads to a noncomputable delay-free loop. Note that the problem is the
same for other types of nonlinear excitation, as they all have a similar form: one equation
describes a nonlinear dependence of force on the position of the exciter (which is not always
memoryless as in Eq. (4.1a)) and the other characterizes the motion of the exciter as a
function of force, which is usually a linear dynamic system.

The straightforward solution to the problem that we compute gy, and Fj, in an in-
terleaved fashion, meaning that for computing yy,(t,), we use the force computed in the
previous time instant, F}(f,—1). In theory, this means inserting a delay element in the
delay-free loop. This element is called “fictitious” in Borin and De Poli [1996], but actually
it is a real one, which is implemented unintentionally. If the sampling rate is sufficiently
high in comparison with the variation of hammer force (i.e., Fy,(t,) ~ Fy(t,—1)), this does
not present a practical problem. However, if this is not true, numerical instabilities may
arise.

The theory of wave digital filters addresses the problem of noncomputable loops in terms
of wave variables. Every component of a circuit is described as a scattering element with a
reference impedance, and delay-free loops between components are treated by “adapting”
reference impedances. Van Duyne et al. [1994] presented a “wave digital hammer” model,
where wave variables are used. The model was derived for a linear spring. The nonlinear
characteristic of the felt was taken into account by reading the stiffness coefficient from a
lookup-table, according to the compression of the felt. Hysteresis was modeled by offsetting
the pointer in the table, corresponding to the velocity of felt compression. In this model
the “fictitious” delay element appears when the stiffness coefficient is read from the lookup-
table.

Borin and De Poli [1996] have proposed a general strategy named “K method” for
solving noncomputable loops in a wide class of nonlinear systems. The method is fully
described in [Borin et al. 2000] along with some application examples. Here only the basic
principles are outlined. Whichever the discretization method, the hammer compression
Ay(ty,) can be written as:

Ay(tn) = p(tn) + KFh(tn)’ (4'2)

where p(t,) is the linear combination of past values of the variables, namely, Fy,, yy, and
Ys, Where yg refers to the string displacement at the position of the excitation. The value
of coefficient K depends on the numerical method in use. The interaction force Fj at
time instant ¢,, computed by Eq. (4.1a), is therefore described by the implicit relation
Fy(t,) = F(p(tn) + KFu(tn)). The K method uses the implicit function theorem to solve

this implicit relation:

Kmeth.
Fo = F(p(tn) + KFu(ta)) =" Fi = h(p(tn))- (4.3)
The new nonlinear map h defines F,(t,,) as a function of p(t,), hence instantaneous depen-
dencies across the nonlinearity are dropped. The function i can be precomputed and stored
in a look-up table for efficient implementation. However, for different hammer parameters
different look-up tables have to be stored.
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4.1.1 The Multi-rate Excitation Model

A simpler approach for avoiding the numerical instability is the multi-rate excitation model.
The idea is that stability of the discretized excitation model with a “fictitious” delay can
always be maintained by choosing a sufficiently large sampling rate f; if the corresponding
continuous-time system is stable. As fy — oo, the discrete-time system will behave as
the original differential equation. In practice, doubling the sampling rate of the whole
string—excitation system would double the computation cost as well. However, if only
the excitation model operates at double rate, the computational complexity is raised only
by a negligible amount. This is because the excitation models usually require much less
computation compared to the string model. Thus, running the excitation model twice does
not increase the computational load of the whole instrument model significantly.

We stay by the example of hammer modeling. As the hammer model runs at double
sampling rate, the string displacement at the hammer position ys should be computed at
double sampling rate, too, as the felt compression Ay is computed as y, — ys. Therefore,
the string displacement ys is kept track within the hammer model. The core of the hammer
model is displayed in Fig. 4.1. The hammer model of Fig. 4.1 first computes the velocity

F(Ay) | =z > Foi

+a”1<]<
m,

Vio
5
Y (n)

vin,h

Figure 4.1: The core of the proposed hammer model.

difference of the string and the hammer Av = vy, — v, where vy, is the hammer velocity and
vs is the string velocity. The string velocity is computed as vy = vinn — Fous,n/(2Z0), where
Vin,h 1s the incoming string velocity (the velocity of the string without excitation), Zy is the
string impedance, and Fg; 1, is the force signal computed by the power law in the previous
time instant (27! refers to the “fictitious” delay element). Then, the felt compression
Ay is calculated by integrating Av with respect to time. The integrators used here are
obtained by the impulse-invariant transform of the continuous time integrator [Oppenheim
and Schafer 1975], and the sampling time of the hammer is referred as Aty,. The interaction
force is computed by the law of Eq. (4.1a). The velocity of the hammer vy, is calculated
by integrating the hammer acceleration ap = Foue n/mn, where my, is the hammer mass.
The initial velocity vyg of the hammer is controlled by sending an appropriate acceleration
pulse to the integrator, or by setting the initial value of the corresponding delay cell to vyg.
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Note that for obtaining the model of Fig. 4.1 we have not made any assumption on the
sampling rate, i.e., the model can be directly used as a hammer model without upsampling.

Min M
_>| LM, _—(1=,) }TpFom
Vour dl F:'n
- 143 N i H, (2)
27, ‘
_| M, _| S —(M-M,,) |4—
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Figure 4.2: Connecting multi-rate hammer model to the digital waveguide.

In the proposed implementation, the core of the hammer model runs at a double sam-
pling rate, that is, Aty = At/2, where At = 1/f; is the sampling interval of the string
model. The upsampling (T 2 in Fig. 4.2) is implemented by linear interpolation [Schafer
and Rabiner 1973]. In this manner, the unknown samples will be the average of two con-
secutive known values. To be able to do this without introducing a delay, one should
know the next incoming sample, i.e., the next string velocity that would arise without the
hammer excitation. This is easy in the case of the digital waveguide, since the upcoming
values at the excitation point are already in the delay lines, exactly one time-step away
(see Eq. (2.55) and Fig. 2.2). Hence, the input for the hammer model can be calculated
using linear interpolation for upsampling by the following equations:

Uinh(NAL) = Uyt (nAL) = v+(Min,n) + v (M, n)
Vout (RAL) + vout (RAL + At)

’Uin,h(TLAt + At/2) = 2
v (Min,n) + v (M, — 1,n)
= +
2
;v (M) + ;_(Mi“ Ln) (4.4)

where v (m,n) = v¥ (2, t,) and v (m,n) = v~ (2, t,) refer to the content of the upper
and lower delay lines, at the time instant ¢,, and position x,,, respectively.

The force input for the string is computed simply by averaging the two output samples
of the hammer model, that is,

Foun (1) + Fon(nAt + At/2
F(nast) = L0230 % Foun(nB+ 812) (4.5)

Fig. 4.3 shows a typical force signal in a hammer—string contact. The overall contact

duration is around 2 ms, the pulses in the signal are produced by reflections of force waves
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Figure 4.3: The interaction force of note C5 (522 Hz) with f; = 44.1 kHz, and hammer
velocity v = 5 m/s, computed by inserting a fictitious delay element (solid line), with the
K method (dotted line), and with the multi-rate hammer (dashed line).

at string terminations. The K method [Borin et al. 2000 and the multi-rate hammer
proposed here produce very similar force signals. On the other hand, inserting a fictitious
delay element drives the system towards instability (the spikes are progressively amplified).
In general, the multi-rate method provides comparable output to the K method for hammer
parameters realistic for pianos, while it does not require the use of precomputed look-up
tables and leads to a simpler implementation. However, when low sampling rates (e.g.,
fs = 11.025 kHz) or extreme hammer parameters are used (i.e., the stiffness of the hammer
is increased ten times), its stability cannot be maintained by upsampling by a factor of 2.
In such cases, either the upsampling factor has to be increased, or the K method should
be used.

Note that the multi-rate method can be used for increasing the numerical stability of
other kind of excitation models, as only the excitation model of Fig. 4.1 has to be replaced
by the model of the new excitation. The only important thing is that the string velocity
vs or displacement ys at the excitation position Tex. = L(M;,/M) has to be computed
within the excitation model. If this has been already included in the development of the
straightforward, single-rate model, then it can be a direct replacement of Fig. 4.1.

The method has been presented in connection with a digital waveguide string model.
However, it can be used with finite-difference string models, too. Here the input of the
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excitation model v, h(nAt) is the velocity of the string at the position of the hammer
Vout (RAL), that is already known. The next value of the string velocity vout(nAt + At)
required for computing vi, h(nAt + At/2) is calculated by running the string (actually
only the corresponding string element) for the next time-step, which gives the next string
velocity value without the excitation force.

4.2 Modeling Beating and Two-stage Decay

In string instruments, the coupling of the two transverse polarizations (y and z) through the
bridge leads to beating and two-stage decay, the first referring to an amplitude modulation
overlaid on the exponential decay, and the second meaning that the tone decays faster in
the early part than in the latter. These phenomena were studied by Weinreich [1977]. This
is even more complicated in the case of the piano, where two or three slightly mistuned
strings of the same note are sounded together when a single piano key is pressed (except
for the lowest octave), leading to a four or six vibrating modes for one partial.

In the digital waveguide string modeling paradigm, the simplest way for modeling
beating and two-stage decay is to use two digital waveguides in parallel for a single note.
Varying by the type of coupling used, many different solutions have been presented in the
literature. In [Karjalainen et al. 1998| the two digital waveguides were coupled by constant
coefficients, while in [Smith 1993| a frequency-dependent termination impedance was ap-
plied, and the loss filters of the strings were omitted. A more refined method was presented
in [Aramaki et al. 2002; Bensa 2003| that connects the two or three coupled waveguides
by frequency dependent filters. This latter method provides accurate resynthesis of the
coupling phenomena, but requires significantly larger computational cost compared to a
single string model. Here a different approach is presented that combines the advantages

of digital waveguides and modal modeling.

4.2.1 The Parallel Resonator Bank

In the resonator bank approach, presented first in [Bank 2000b; Bank et al. 2000|, second-
order resonators Ry(z) ... Rx(z) are connected to the basic string model S, (z) (e.g., digital
waveguide) in parallel. This is displayed in Fig. 4.4. The idea comes from the observation
that the behavior of the coupled y and z polarizations can be described by a pair of
exponentially damped sinusoids [Weinreich 1977]. Although more modes would be required
for the perfect reconstruction of piano partial envelopes (due to the unison triplets), it was
found that a two mode model can reproduce the main features of the phenomenon (see
Fig. 4.5).

In this model, one sinusoid of the mode-pair is simulated by one partial of the digital
waveguide and the other one by one of the resonators Ry(z). These resonators can be
realized by using Eq. (2.72). The advantage of the structure is that the resonators Ry(z)
are implemented only for those partials whose beating and two-stage decay are significant.
The others will have simple exponential decay, determined by the digital waveguide model
Sy(2). Five to ten resonators have been found to be enough for high quality sound synthesis



4.2. MODELING BEATING AND TWO-STAGE DECAY 55

F:'n__>| S" (Z) E}llt
PR (2)
> Ry(2)

S 4

Figure 4.4: Modeling beating and two-stage decay by a digital waveguide S,(z) and a
parallel resonator bank Ri(z)... Rx(2).

for the piano. As a radical example, only one resonator has been implemented for the
harpsichord model of Véliméki et al. [2004].

The choice of those partials where the phenomenon is most prominent can be automated
by computing the energy (i.e., mean square value) of the beating modes and selecting the
ones with the largest energy value. This results in a synthesized tone that is most similar
to the original one in a mean squares sense. Naturally, a psychoacoustic selection of the
dominant beating modes that incorporates the masking effect similarly to perceptual coders
could result in a better sound quality, but would also complicate the parameter estimation
significantly. After the beating partials are selected, the parameters of the resonator bank
are determined by first fitting an exponential decay on the amplitude envelopes of the
partials. This is done by linear regression in the logarithmic amplitude scale, as proposed in
[Valiméki et al. 1996]. Then, the relative deviation of the real amplitude envelope from this
simple exponential decay is computed as a ratio of the two signals. Then, an exponentially
increasing or decaying sinusoid is fitted to this deviation signal. The parameters of this
“beating sinusoid” determine the parameters of the resonators. The procedure is outlined in
[Bank 2000b, Sec. 6.4] in detail. Note that methods based on ARMA modeling [Karjalainen
et al. 2002; Bensa 2003| could also be used for the parameter estimation of mode pairs.

In Fig. 4.5 (a) the first 8 partial envelopes of a recorded Ai note (466Hz) are displayed.
Figure 4.5 (b) shows the output of the synthesis model with one digital waveguide and five
resonators. It can be seen in Fig. 4.5 (b) that the characteristics of beating and two-stage
decay are well preserved for the first five partials (where the resonators are implemented),
and the other partials have simple exponential decay determined by the digital waveguide.
Note that the initial amplitudes of the partials for the original and synthesized tones are
different. This is because the initial amplitudes are determined by a physics-based string
and excitation model, where the goal is to simulate a piano-like behavior, and not the
reproduction of a given tone. On the other hand, the beating and two-stage decay are
modeled by a signal model, whose parameters are determined by the analysis of a specific
tone, therefore, they can be more similar to the original.

The general shapes of the partial envelopes are well reproduced, while some details are
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missing in Fig. 4.5. This is because now we are fitting a lower order model to a higher
order system, since the Ai note has three strings both with two transverse polarizations
(i.e., a total number of six modes). When more precise results are desired, more resonators
should be used for one partial. Note that for all the other stringed instruments (guitar,
lute, harp, harpsichord, etc.), where one string belongs to one note, the two-mode model
can perfectly resynthesize the string decay for the two transverse polarizations (here we
neglect the effect of longitudinal vibration).

Original

Amplitude [dB]

Partial No. Time [s] (a)

Synthetic

Amplitude [dB]

Partial No.

Time [s] (b)

Figure 4.5: Partial envelopes of an Ai piano tone: original (a) and synthesized by a digital
waveguide and five resonators in parallel (b).
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Multi-rate Modeling

The computational complexity can be even more decreased if the resonator bank is imple-
mented by the multi-rate approach, running the resonators at a much lower sampling rate,
e.g., the 1/8 or 1/16 part of the original sampling frequency. The structure is depicted
in Fig. 4.6, where first the force signal coming from the hammer model is downsampled,
filtered by the second-order resonators, and then upsampled to the original sampling rate.
Since, for one note, resonators with different sampling rates are used, it is beneficial to
implement the multi-rate system by cascading half-band downsampling and upsampling
filters. This also simplifies the filter design. The sign |2 in Fig. 4.6 refers to the down-
sampling operation with prior antialiasing filtering, and the sign 12 stands for upsampling
operation with an interpolation filter. For simplicity, Fig. 4.6 shows only one resonator
at every downsampled sampling rate, but in practice, many resonators are connected in
parallel within the same branch.

S EEiE,

Figure 4.6: The multi-rate resonator bank.

In the filter design we can take the advantage that the downsampled signal is imposed
to filtering by a second order resonator, which has a very narrow amplitude response.
The input signal of the resonator (the excitation force) is a short pulse, and its only
role is to set the initial amplitude and phase of the resonator. This means that a small
aliasing after downsampling is acceptable. Having 20 dB stopband attenuation leads to
an amplitude change of 0.8 dB, which has been found to be inaudible in practice. The
upsampling filters cannot be simplified this way, there 60 dB stopband attenuation is
needed to avoid audible aliasing. On the other hand, all the output signals having the
same sampling rate can be summed before upsampling, therefore the same interpolation
filters can be used for all the notes (this is not shown in Fig. 4.6). The computational
complexity can be reduced further by using filters having less tight specification in the
passband, leading to lower filter orders. This can be done because the amplitude and
phase errors of the downsampling and upsampling filters can be corrected by changing the
amplitudes and phases of the resonators. The total transfer function error Ej coming from
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the downsampling and upsampling filters for the kth resonator is computed as follows:

N n— n—
Ey = H Hyy (%) Hyyp (%) (4.6)
n=1 S S

where Hgy, (9) and Hyp(0) are the transfer functions of the downsampling and upsampling
filters, and they are computed by substituting z = e/?. The total downsampling factor is
2N i.e., the resonator runs at f;/2". The estimated amplitude A;, and phase ;, parameters
of the resonators have to be modified by the magnitude and phase of 1/Fj.

In practice, for a passband of 0 < ¥ < 0.47 and stopband of 0.6r < ¢ < m, the
remez algorithm in MATLAB [Mathworks 1996| gives a third-order FIR filter with 5 dB
passband ripple and 20 dB stopband attenuation. For the interpolation filters 60 dB
stopband attenuation is required, leading to 13th-order filters. Because of the passband
goes only up to 0.47, in the region 0.47 < ¢ < 0.57 no resonators should be implemented.
In this way, we loose 20% of the downsampled frequency range but this leads to low-order
downsampling and upsampling filters. Note that linear phase FIR filters are only used for
simplicity of their design, as the phase errors of the downsampling and upsampling filters
are easily corrected by changing the phases of the resonators.

The computational complexity is reduced compared to having a parallel waveguide even
if the resonators are running at the sample rate of the digital waveguide string model, as
only a few of them (5-10) have to be implemented. Realizing the resonators in a multi-rate
fashion decreases the computational load significantly. The average computational cost of
the method for one note is around ten multiplications per sample. This is because the
highest computational load is the first downsampling filter (four tap FIR filter), then the
second one runs at every second time instant (two operations per sample), the third at
every fourth (one operation per sample), etc. A second-order resonator Ry(z) requires two
multiplications, but as it runs at fs/8 or fs/16, its computational load is negligible. So is
the load of the 14 tap upsampling filters, as they are shared by all the notes played. The
complexity is even lower (around five multiplications per sample) if the first or first few
downsampling filters are omitted. This can be done because the input signal (excitation
force) is of a lowpass character. In this case, the method requires an order of magnitude
smaller computational resources compared to implementing a second digital waveguide.
Moreover, the parameter estimation becomes simpler, since only the parameters of the
mode-pairs have to be found by one of the methods presented in [Bank 2000b; Karjalainen
et al. 2002; Bensa 2003|, and there is no need for coupling filter design. Although the
method have been presented in connection with a digital waveguide string model, it can
be directly used to augment finite-difference or modal-based string models.

4.3 Instrument Body Modeling

The different techniques for modeling the instrument body have been already outlined in
Sec. 2.5. The most realistic sound can be achieved by filtering-type body models, where
the body filter is designed with the help of recorded impulse responses. This approach is
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generally applied as a post-processing technique, modeling the radiation properties of the
body only, while the impedance properties are treated within the string model. Here we
will review the possible modeling methods.

4.3.1 FIR Filters

The most straightforward approach for implementing the body response is to use the win-
dowed and truncated version of the measured impulse response as an FIR filter. This
technique is simple and capable to provide the best sound quality from a given measure-
ment. On the other hand, high filter orders are required to reach high quality sound.

In the case of the acoustic guitar, it was found that filter orders lower than 1000 do not
produce satisfactory sound |Karjalainen et al. 1999|. For modeling the piano soundboard
at a sampling rate of fg = 44.1 kHz, the present author have found that the sound changes
only slightly when the filter length is raised over 2000 tap. Under filter order 1000, the
sound starts to loose its character. Consequently, having a filter order between 1000 and
2000 seems to be a reasonable choice. These results coincide with the ones presented in
|[Karjalainen et al. 1999 for the guitar.

The transfer function of a 2000 tap filter is displayed in Fig. 4.8 (b), implementing the
transfer function of Fig. 4.8 (a) (which is the same as presented in Fig. 2.5, p. 35). It
is easy to notice in the low frequencies that the resonances have been smeared. This is
because the long decaying low modes have been truncated. In practice, this does not alter
the sound significantly. However, for precise synthesis even larger impulse responses are
required, as even the 2000 tap filter cannot reproduce the knocking sound of high piano
tones, because the “knock” is much longer (0.2-0.5 sec, requiring ca. 10000-20000 taps).

The computational requirements can be somewhat reduced if the lowest resonances of
the instrument body are factored out from the FIR filter and implemented as second-order
resonators |Karjalainen et al. 1999|. In the case of the acoustic guitar, this resulted in 500
tap FIR filters.

4.3.2 IIR Filters

For modeling the violin body, many different filter design techniques were compared by
Smith [1983]. The final choice was an eighth-order IIR filter designed by minimizing the
Hankel norm on Bark scale. Nowadays the implementation of higher-order filters have
become possible, but the quality requirements have also been increased.

In [Karjalainen et al. 1999], two IIR filter design methods were compared for modeling
the guitar body. It has turned out that IIR filters perform almost the same as FIR filters
with the same computational cost. Similar results have been found for the piano, i.e., filter
orders less than 500 do not produce appropriate sound. As also noted by Karjalainen et al.
[1999], minimum-phase equalization is not a good option, since it destroys the reverberant
character of the response. Moreover, in the case of the piano, when experiments were made
with minimum-phase filters, it has turned out that they ruin the characteristic attack of
the piano and result in an unnatural sound.
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Frequency warping can also be used in filter design to give more emphasis to the
psychoacoustically more important low frequencies. For the violin model of Smith [1983],
this approach was used. In [Karjalainen and Smith 1996|, warped filter design was proposed
for modeling the body response of the acoustic guitar. By this technique, the required
filter orders can be reduced significantly. However, either these warped filters need special
structures for implementation, or they have to be converted to conventional structures.
During conversion, numerical instabilities may arise, especially when high filter orders are
used.

4.3.3 Multi-rate Body Modeling

Among the filter design approaches, the FIR filter is capable to produce the best sound
quality for a given transfer-function measurement. This is because that it preserves not
only the overall magnitude response of the instrument body, but also the phase informa-
tion. Having accurate time-domain response seems to be crucial for the realistic attack of
synthesized sounds.

Here, a multi-rate approach is presented to avoid the high computational cost of the FIR
filter, while still maintaining its benefit of preserving the sound characteristics. As shown
in Fig. 4.7, the string signal F,ing is split into two frequency bands. The lower is filtered
by a long FIR filter Hjoy(z) running at a considerably lower sampling rate (f. = f5/8),
precisely synthesizing the body impulse response up to 2 kHz. This means that the same
impulse response length (in ms) consumes only the 1/64 part of computation compared to
a single-rate filter. This is because the filter length is reduced by a factor of 8 compared to
a single-rate FIR filter with the same length in ms, and this shorter filter is run at every
eighth time instant.

In the high frequency band only the overall magnitude response of the body is modeled,
using a low-order filter Hy;gp(2) running at the sampling rate of the system (fs = 44.1 kHz).
This part of the signal flow is delayed by N samples to compensate for the delay of the
downsampling and upsampling operations. The simplification in the high frequency region
is motivated by the fact that here the human ear has been found to be less sensitive to the
position of the modes.

Esmng__>|‘l’ 8 |_>|H,aw(z) l_’h 8 P
P Hu () [Pz

Figure 4.7: The multi-rate body model.

For the decimation and interpolation filters, a polyphase FIR filter Hg;(z) has been
used. Note that the interpolation and decimation filters could be different in principle,
but here the same filter Hg;(z) is used for both operation. In a general multi-rate system,
large stopband attenuation and small passband ripple would be required, but this would
result in long interpolation and decimation filters. However, here having ca. 5 dB passband
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ripple have been found to be an appropriate solution, as it can be corrected by changing
the magnitude response of the low frequency body filter Hiuy(z). For stopband attenua-
tion, 80 dB is sufficient in practice. The filter Hg;(2) is designed by the remez algorithm
implemented in MATLAB [Mathworks 1996| giving a filter order of 192, which results in
24 operations per cycle in polyphase implementation.

The body filters Hiow(2) and Hyjgn(2) can be designed from the measurement of real
instruments. The target impulse response Hi(z) is a 2000 tap FIR filter obtained by
truncating the measured impulse response. This is lowpass-filtered by a linear-phase FIR
filter and then decimated by a factor of 8. This results in a 250 tap FIR filter ﬁlow(z).
Now the passband errors of the decimation and interpolation filters have to be corrected.
This is computed as follows:

. . . 1 .
Hlow(eﬂg) = Hlow(eﬂg)ﬁeiﬂg]\[, (47)

where we have used the substitution z = /. The multiplication by e 7" comes from
the fact that we have already compensated the delay of the interpolation and decimation
filters by delaying the other signal flow in Fig. 4.7. Neglecting this term from Eq. (4.7)
would lead to a noncausal filter. The filter H)oy(2) corresponds to the body filter to be
implemented in Fig. 4.7.

Now the impulse response of the low frequency chain of Fig. 4.7 is known. The remain-
ing high frequency part can be easily calculated by subtracting this low frequency response
from the target impulse response Hi(z). This way, a 2000 tap FIR filter arise containing
energy mainly at frequencies above 2 kHz. This response is then made minimum-phase,
e.g., by the rceps function in MATLAB [Mathworks 1996]. This concentrates the energy
to the beginning of the impulse response. Then this minimum-phase response is truncated
to a length of 50 tap to form the high frequency body filter Hyigh(2).

As an example, the magnitude response of a multi-rate piano soundboard model is
depicted in Fig. 4.8 (¢). The magnitude response of the target FIR filter Hy(z) is depicted
in Fig. 4.8 (b) for comparison. It can be seen from the figures that the magnitude response
is accurately preserved up to 2 kHz. Although not shown, but so is the phase response.
Above 2 kHz, only the overall magnitude response is retained.

The model consumes around 130 operations per cycle. This is because Hyoy (2) requires
250 operations in every eighth cycle, while the downsampling and upsampling filters require
2 x 192. The high-frequency filter Hyign(2) is an 50 tap filter running in each cycle. This
gives the average load (250 + 2 x 192)/8 4+ 50 = 129.25. Despite its significantly lower
computational cost, the model has a very similar spectral character to the 2000 tap target
filter H¢(z). This is because the main features of the instrument body are reproduced. One
such feature is the proper overall magnitude response, which seems to be accomplished.
Another important feature of the instrument body is providing the proper attack of the
sound. This is partly fulfilled, since up to 2 kHz the time-domain response of the model
equals that of the target response. The attack of high notes sounds sharper compared
to the 2000 tap target filter. This is because the energy of the soundboard response is
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Figure 4.8: The magnitude transfer function of the piano soundboard (a) implemented by
a 2000 tap FIR filter (b) and by the multi-rate body model (c).

concentrated to the first 1.1 ms above 2 kHz. Therefore, the attacks of high frequency
partials are not smoothed enough by the body filter.

A different way of utilizing the idea of multi-rate filtering is increasing the quality,
rather than decreasing the computational complexity. When 2000 operation per sample
is acceptable, the strategy is as follows: the signal below 4.4 kHz is downsampled by a
factor of 4 and filtered by a 4000 tap (meaning 360 ms length at fs/4) FIR filter Hioy(2).
The signal above 2.2 kHz is filtered by a 1000 tap (ca. 20 ms at f; = 44.1 kHz) FIR
filter, Hyigh(2). The filter Hpign(2) is computed by subtracting the impulse response of
the low frequency chain from the target response Hi(z) (which now has the length of
16000 taps) providing a residual response containing energy above 4.6 kHz. This residual
response windowed to a shorter length (1000 tap). Note that the residual response does
has not have to be made minimum-phase prior to windowing, as in this case the largest
part of the energy in the impulse response is contained within the first 1000 tap. Now
the model reproduces both the overall magnitude and the transient behavior of the tone
even for the higher partials, as the attack time is 20 ms instead of the 1.1 ms of the low
complexity solution. The characteristic “knock” of the high notes are also reconstructed
by the long (0.36 s) low frequency response. Indeed, the sound produced by this model is
indistinguishable from that calculated by a 16000 tap FIR filter directly implementing the
soundboard impulse response, while it requires “only” about 2000 operations per sample.
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This computational load is now acceptable for string modeling, as it consumes about 10 %
of an average personal computer when the code is written in C++. However, for multimedia
applications where the sound has a secondary role, the low complexity solution is preferred.

4.4 Conclusion

In this chapter the multi-rate approach has been utilized for string instrument modeling.
The multi-rate excitation model of Sec. 4.1 [published in Bank 2000a; Bank et al. 2003]
provides a comparable solution to the K method for avoiding numerical instabilities in
excitation models, but it results in a simpler structure. This is because it only requires
that the existing excitation model runs at a higher sampling rate, and there is no need
for the rearrangement of the model to known and unknown terms. Moreover, the need
for a lookup-table is also avoided, which is particularly advantageous when the excitation
parameters are varied in real-time.

The multi-rate resonator bank of Sec. 4.2 |published in Bank 2001; Bank et al. 2003|
models beating and two-stage decay by augmenting the basic string model with second-
order resonators. An advantage of the technique is that the second-order resonators are
required only for those partials that are dominated by the effect (typically 5-10). The
computational complexity is further reduced by running the resonators at a lower sampling
rate. The decimation and interpolation filters can be of low order, as their passband errors
are corrected by changing the amplitudes and phases of the resonators.

Section 4.3 presented a multi-rate filtering technique for instrument body modeling
[published in Bank et al. 2002, 2003]. The low frequency part of the body response is
modeled by a long FIR filter running at a lower sampling rate, while the high frequency
part is modeled by a shorter filter running at normal sampling rate. Similarly to the
multi-rate resonator bank, the decimation and interpolation filters can be of low order as
their passband ripple is corrected by the filter implementing the low frequency part of the
body response. The multi-rate technique decreases the computational requirement by an
order of magnitude compared to previous filtering methods for the same impulse response
length. This can be utilized either for computational savings or for increasing the response
length leading to higher sound quality.
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Chapter 5

Modeling of Geometric
Nonlinearities

This chapter is about the physics behind the nonlinear behavior of musical instrument
strings. These theoretical and experimental results form the basis of sound synthesis
methods presented in Chap. 6. Here we deal with geometric nonlinearities, and the non-
linearities arising from the string material are neglected. The reason for the geometric
nonlinearities is that above a certain amplitude of vibration the length of the string cannot
be assumed constant. The change of string length varies the tension of the string, leading
to the generation of longitudinal motion and new transverse components.

The classification of the different nonlinear phenomena has not been given in the liter-
ature. Section 5.1 fills this gap by discussing the main features of geometric nonlinearities
and presenting a “nonlinearity map” that helps to estimate the nature of string behavior
as a function of material properties and the amplitude and bandwidth of vibration. Sec-
tion 5.2 reviews the literature describing the phenomenon with spatially uniform tension.
This is followed by the main scientific contribution of this chapter, namely, the investiga-
tion of the motion of longitudinal modes in Sec. 5.3. A new theoretical model is presented
that is based on the modal formulation of the transverse and longitudinal vibration, and on
the assumption that the longitudinal to transverse coupling can be neglected. Due to this
approximation it is possible to analytically compute the longitudinal components for arbi-
trary transverse vibrations. The results show good agreement with the measurements of
other authors and give the theoretical explanation of the experiments. Section 5.4 presents
some findings about the bidirectional coupling of transverse and longitudinal modes. The
results of Sec. 5.4 are preliminary, as this research is still going on.

5.1 Classification of Nonlinear String Behavior

This section investigates the factors that influence the significance of nonlinear behavior.
The goal is to give a classification of the geometric nonlinearity of the string. For that, we
estimate the relative significance of the nonlinear components in the bridge force compared
to the standard linear components.

65
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5.1.1 String Equations

For simplicity, it is assumed in this section that the string is vibrating in one plane, i.e.,
one transverse and one longitudinal polarization are present. Losses and dispersion are
neglected and we assume that Ty < ES, which holds for metal strings. For rubber-like
strings, the following derivations are not accurate. However, they still show the qualitative
behavior of such strings.

From Eqgs. (2.4) and (2.9), with the above assumptions in mind, the string tension is

o 1 (ay\?

e . 1

ox + 2 <8x) (5.1)
From Eq. (2.10) with ES + Ty ~ ES the equation for the longitudinal displacement

&(x,t) is

approximated as
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We recall that Eq. (5.2) is a standard one-dimensional wave equation with an additional

force term nonlinearly depending on the transverse vibration y(z,t).

From Eq. (2.11) the wave equation for the transverse motion can be written as

2
oy | o P
0y 5{3—5[3—§+%(3—3)H
To—= + F
08x2+ s Ox ’

which is again a one-dimensional wave equation with an additional force term depending

?y _
Hoe =

(5.3)

on the product of the transverse slope and the tension variation.

From the musical acoustics point of view it is more important to know what the force
is at the termination (e.g., bridge of the instrument), as the radiated sound pressure is pro-
portional to this force. Note that we assume that the string termination cannot exchange
energy between the two polarizations. The bridge force in the longitudinal direction can
be approximated by the tension variation at the termination of the string (z = L) as

1 /0y )2
+z (— : (5.4)
z=L 2 Ox =L ]

showing that the force Fj(t) depends not only on the longitudinal motion but on the

%3

F(t) = ~[T(L,t) - To] = ~ES | 5~

transverse vibration as well. Note that T has been subtracted from T'(L,t) because it
only acts as a constant strain on the instrument body, which does not appear in the
radiated sound.

The transverse force Fi(t) at the bridge is the product of the string slope dy/dx and

the tension T'(z,t):
L1 (@ )
=L 2\ 0z =L ’

(5.5)

F(0) = ~T(L,0)

¥ _Es
z=L Ox z=L

%3

ox

%y
oy, O




5.1. CLASSIFICATION OF NONLINEAR STRING BEHAVIOR 67

again showing that the transverse force at the bridge depends on both the transverse and
longitudinal string motion. However, for small vibration amplitudes (linear behavior) only
the first term is significant.

Note that Egs. (5.1)—(5.5) become more complicated in the case of rubber-like strings,
where the assumption ES > Ty does not hold. The correct equations could be simply
derived from Egs. (2.9)—(2.11), but then we would also sacrifice the simplicity of Egs. (5.7)
and (5.8).

5.1.2 Classification

It can be seen from Egs. (5.2)—(5.5) that the character of string vibration depends not only
on the physical properties, but also on the amplitude of vibration. As musical instrument
strings are generally excited in the transverse polarization, we will concentrate on the effect
coming from the variation of the transverse slope dy/0x. The magnitude of the transverse
force at the termination (x = L) is computed by the Euclidean norm (root mean square
value), and is referred as ||y /0z||.

By looking at Egs. (5.2)—(5.5), the amplitude of the different nonlinear components can
be expressed as a function of the amplitude of transverse slope and the physical parameters
of the string. The derivation and some simulations are included in the Appendix A.1,
here only the results are presented. From Eq. (5.5) it follows that the linear transverse
component (the component which would arise if the string was ideal) of the bridge force

F} jin has the magnitude

[ Fpinl| = To

%H. (5.6)

From Egs. (5.2) and (5.4) the magnitude of longitudinal force at the bridge ||Fj|| is ap-

proximately described by
Jy 2
H|| =~ CES||=— 5.7
Il ~ies|[ 2] (57)

where C) is a constant in the order of unity, which depends on the type of string excitation.
From Egs. (5.3) and (5.5) the magnitude of the nonlinear transverse component can be
approximated as a third order function of transverse slope:
ayl?
HFlc,nonlinH ~ CtES"a_ )
x

(5.8)

where Cy is a constant in the order of unity.
Let us assume that the longitudinal force Fj is significant, if its Euclidean norm
||Fi|| reaches the 10% (20 dB) of the transverse linear component ||Fi|| = 0.1||F jin|

in Egs. (5.6) and (5.7), giving
2
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Similarly, the parameter values where the nonlinear transverse component is 20 dB lower
than the linear one are on the line

- (VB

Note that the choice of 0.1 (20 dB) is almost arbitrary, as far as it is lower than unity.

8y2

- (5.10)

It was mainly motivated by the fact that the theoretical curves of Egs. (5.7) and (5.8) are
reasonable approximations when the nonlinear transverse component is smaller than the
linear transverse one. It does not refer to a definite value where the specific component
starts to be audible. However, we can still say that these are a kind of “underestimates”,
meaning that nonlinear components under this limit are most probably masked by the
transverse components, thus, are inaudible. Unfortunately, no research results exist in the
literature that could estimate the perceptual significance of these components precisely.
In Egs. (5.9) and (5.10) the parameter dependence is written as a function of v/ ES/Ty,
as \/ES/Ty equals the ratio of the longitudinal and transverse fundamental frequencies

|ES

where fp is the transverse and f¢ is the longitudinal fundamental frequency (this follows
from Eq. (2.13) with ES > Ty). The change of f¢o may change the string behavior
significantly, as discussed in the next subsection.

For musical instruments, feo/fo = \/ES/Ty values around 3-5 are typical for nylon
strings, while this value is around 10-20 for metal strings. Note that /ES/Tj values in the
order of 100 correspond to loosely stretched strings, which are often used in experimental
setups, as in this case the nonlinearity is larger, i.e., more easily observable. As for the
slope, the value ||0y/0z|| = 1072 corresponds to a fortissimo hammer strike (5 m/s hammer
velocity) in the case of a piano string.

The curve of Eq. (5.9) is plotted by a solid line in Fig. 5.1 and the function of Eq. (5.10)
by a dashed line. Above these lines the longitudinal and nonlinear transverse components
are considered to be significant. The longitudinal component is generated by the trans-
verse to longitudinal coupling, while the nonlinear transverse one by the longitudinal to
transverse coupling mechanism (see the arrows in the right hand side of Fig. 5.1).

Spectral Content of the Excitation

Another important factor that influences the nature of nonlinear vibration is the spectral
content of the transverse vibration. If all the longitudinal modes are excited under their
resonance frequency, the tension can be considered uniform along the string, as will be
discussed in Sec. 5.2. Here we only note that in this case the term p(9%¢/0t?) in Eq. (5.2)
equals zero, i.e., the inertial effects of longitudinal modes are negligible. The string tension
can be computed from the elongation of the string, which depends on y(z,t) directly.
Accordingly, the longitudinal motion does not have to be computed to obtain the transverse
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Figure 5.1: Classification of the nonlinear string behavior. At parameter values above the
solid line the longitudinal component becomes significant compared to the linear transverse
one. Above the dashed line the nonlinear transverse component starts to appear. The
arrows between ‘“ITran.” and “Long.” show which directions of coupling are significant.
On the right-hand side of the dotted line, the tension can be considered spatially uniform
along the string (assuming 10 significant transverse partials).

and longitudinal bridge force, leading to a large simplification from the sound synthesis
point of view.

The bandwidth of the force exciting the longitudinal modes is the double of that of
the transverse motion, as it is generated by a second-order nonlinearity (see Eq. (5.2)).
Thus, the excitation bandwidth is 2N fy for harmonic strings, if all the transverse modes
are significant up to the mode number N. The longitudinal components responsible for the
inertial effects are assumed to be negligible if all the longitudinal modes are excited below
the half of their resonance frequency (this will be outlined in Sec. 5.3.4 in detail). Conse-
quently, we can suppose that the tension is uniform along the string if the bandwidth of
the excitation, 2N fy, is lower than the half of the lowest longitudinal resonance frequency,
fe0/2, leading to

4N < @. (5.12)

fo

This is indicated in Fig. 5.1 as a dotted line for a transverse vibration containing the first
10 partials. Thus, for f¢o/fo = \/ES/Ty values higher than 40 the string tension can be
considered uniform. This dashed line should be shifted to the right or to the left depending
on whether there are more or less significant partials in the transverse vibration. Again,
this line is a rough limit, as the real significance of the inertial effects depends both on the
relative amplitudes of transverse modes and on the decay times of longitudinal modes.

It is interesting to note that while increasing \/ES/Ty complicates the string motion
by increasing the effect of the nonlinear terms, it also changes the nature of string behavior
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by raising the longitudinal modal frequencies. Above a certain value the tension becomes
spatially uniform along the string, leading to a motion which can be explained by simpler
equations.

Dependence on Inharmonicity

The perceptual significance of the nonlinear components also depends on the inharmonicity.
When B is negligible, the partial series is almost harmonic, thus, the nonlinearly generated
frequencies, which are generally the sum or difference of transverse modal frequencies,
appear at the same frequencies as the original modes, thus, their effect is less audible. If B is
large, these nonlinear sum and difference components appear between the transverse ones,
leading to beating, thus, to a more audible effect. On the other hand, the nonlinear energy
exchange between the transverse modes might be more efficient for small B values, as in
that case the excitation frequencies are close to the resonant frequencies. For homogenous,
unwrapped strings the inharmonicity coefficient is computed by Eq. (2.40). As can be seen
from Eq. (2.40) the inharmonicity is a second order function of y/ES/Ty. This means that
the increasing inharmonicity coefficient B reinforces the perceptual effect of the nonlinear
components which increase with \/ES/T, anyway. In any case, the nonlinear behavior of

the string and the inharmonicity are interdependent, which is not included in Fig. 5.1.

5.1.3 Short Discussion of the Regimes of Nonlinearity

Figure 5.1 can be used to estimate whether a specific nonlinear phenomenon is significant
for a given parameter set of the string. The borders separating the different regimes are at
approximate positions, which may vary from instrument to instrument. In any case, the
topology of Fig. 5.1 should be similar for all string instruments.

This section outlines the most important properties of the different regimes displayed
in Fig. 5.1. These are also summarized in Table 5.1, showing whether the transverse to
longitudinal and the longitudinal to transverse coupling is significant for a class of Fig. 5.1
or not. The last column signs if the longitudinal inertial effects are significant, i.e., if
the longitudinal modes have to be modeled or not. If not, then the tension is spatially
uniform along the string and can be simply computed from the transverse displacement.
The detailed descriptions of the different classes and the corresponding modeling methods
will be given later in the next sections.

Linear Motion

When /ES/Ty and 0y/dz are small, the string obeys the standard linear wave equation.
In this case the transverse and longitudinal polarizations are independent. Therefore, if
only the transverse polarization is excited (which is generally the case), the longitudinal
motion is negligible. This kind of motion has been discussed in Sec. 2.2.3.
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Tran. to long. coupl. Long. to tran. coupl. Long. inertial effects

Linear motion

Double freq. terms X

Tension modulation X X

Longitudinal modes X X
Bidirectional coupling X X X

Table 5.1: Main features of the different regimes of string behavior according to Fig. 5.1.
The “x” sign means that the specific feature of vibration is significant, i.e., it has to be
included in the model.

Double Frequency Terms

In this case the longitudinal modes are excited under their resonant frequency, hence the
string tension varies with time but spatially uniform along the string. This means that the
tension can be computed directly from the transverse displacement. The tension variation
is significant compared to the transverse force at the bridge, but it is negligible compared
to the initial tension Tp, so it cannot excite any “nonlinear” transverse modes. The longitu-
dinal force component will include terms having double the frequency of transverse modes.
This type of motion will be covered in Sec. 5.2.

Tension Modulation

This case is similar to the previous one in a way that the tension is spatially uniform
along the string, but now the temporal variation of the tension is no longer negligible in
comparison with Tj. The temporal modulation of tension leads to the nonlinear excitation
of transverse modes, nonplanar motion, and pitch glide. This regime of string motion is
studied in Sec. 5.2.

Modeling of Longitudinal Modes

In this case the frequencies of the excitation terms in Eq. (5.2) are around or above the
longitudinal modal frequencies. As a result, the tension varies with both time and space
along the string. This leads to the appearance of odd and even phantom partials and the
free motion of longitudinal modes. As the tension variation is significant compared to the
transverse bridge force but small compared to Tp, the longitudinal motion has a significant
contribution to the sound but does not influence the transverse vibration. For modeling,
the largest difference from the previous two cases is that now the motion of longitudinal
modes also has to be computed. On the other hand, the longitudinal to transverse coupling
does not have to be implemented. This type of string behavior is discussed in Sec. 5.3.

Bidirectional Coupling

Here neither the tension is uniform along the string, nor its variation is negligible in
comparison with Ty. This is the most complex situation, since odd and even phantom
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partials and the longitudinal free modes also appear and they influence the transverse
motion by generating new transverse components. A model describing such a motion
should thus include the precise computation of longitudinal motion and the implementation
of the longitudinal to transverse coupling. This is further investigated in Sec. 5.4.

5.2 Spatially Uniform Tension

In this section we will review the findings of the literature about the “Tension modulation”
regime of Fig. 5.1. For the “Double frequency terms”, the tension variation is computed in
the same way but the transverse vibration is calculated by assuming T = T}, as the tension
variation is so small that it has a negligible effect on the transverse vibration. Note that
it can still be audible as it provides a longitudinal force variation at the instrument body.

5.2.1 Theories and Experiments

This kind of nonlinear string motion has been already investigated by Kirchhoff in the late
19th century, then revisited by Carrier in the middle of the last century. Therefore, the
governing equations are referred as Kirchhoff-Carrier equations by some authors.
Oplinger [1960] states that when Ty/ES < 1, then the inertial effects of longitudinal
modes can be neglected, the tension is spatially uniform along the string and can be directly

computed from the elongation of the string according to the Hooke’s law
T =Ty,+ ES|(L' - L)/L], (5.13)

where L' is the actual length of the string and L is the minimum length at equilibrium.
The overline in T emphasizes that the tension is spatially uniform along the string. The
length L equals the length of the curve y(z,t) for a given t and 0 < x < L and is given by

dy
/ ,/1+ 833 deL—i—Q i (8_30) da. (5.14)

The substitution of Eq. (5.14) into Eq. (5.13) gives

= 1ES [T [oy\?

It is an interesting result that this is the same as spatially averaging (i.e., integrating from
0 to L along = and dividing by L) the space-dependent equation of tension of Eq. (5.1).
The approximate equation describing the transverse motion is

70
2y 2(7%) 510
Forr = oz '

Inserting Eq. (5.15) into Eq. (5.16) yields

1ES [ [0y 2 0%y
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which is the Kirchhoff-Carrier equation used by most of the papers as a starting point (al-
though sometimes extended to the z polarization). Oplinger [1960] has given the frequency
response curves of the string based on the solution of Eq. (5.17), showing the warped peaks
typical of nonlinear forced vibrations. This type of response curve gives rise to the jump
phenomenon, where the string can suddenly shift from one state of behavior to another at
a given frequency. For example, it can shift from the first to the second mode, resulting in
an amplitude jump. This has been also observed experimentally in [Oplinger 1960].

The same equation has been derived by Anand [1969] for the three dimensional case by
assuming §%¢/0t> = 0 in Eq. (5.2). Integrating the such modified Eq. (5.2) with respect to
x twice gives a memoryless relation of £ and y, meaning that the longitudinal displacement
&(z,t) for a given ¢ can be directly computed when y(z,t) is known. Inserting the equation
for {(x,t) into Eq. (5.1) gives the same result as Eq. (5.17). The three dimensional version
of Eq. (5.17) takes the form

o2 1ES (L] /oy\? [02)? %y
— =<To+=— == — dr p — 5.18

pTe { T3 /0 [(m) +<6w> " 922 (5.18a)
o2 1ES (L] /oy\? [02)? 9%z

Z T+ == = — dr p — 5.18b
H o { T3 /0 [(m) +<6w> " 92 (5.18b)
As for the applicability of Eq. (5.18), Anand [1969] states that the condition ES/Ty > 1
given by Oplinger [1960] is sufficient only if the order of the transverse modes is small

compared to \/ES/Ty. Anand [1969] investigates the nonplanar motion of the string and
finds that the nonlinearity leads to intermodal coupling but does not generate modes that

<

N

are not present at the initial instant. He also suggests that the planar vibration of an
undamped string is not stable.

Narasimha [1968] also arrives at the same equations through a different demonstration,
but adds the effect of damping. He investigates the critical amplitudes and frequencies
where the planar motion becomes unstable, finding that a slight damping raises the critical
amplitudes and frequencies. As a result, planar motion of a damped string may be stable,
as opposed to the undamped string, where the critical amplitude is zero at the fundamental
frequency of the string.

The analysis of Gough [1984] (based again on Eq. (5.18) with damping) confirms the
prediction of Anand [1969] that the nonlinearity leads to a precession of the orbital motion.
He shows both theoretically and experimentally that the precessional frequencies can be
simply related to the geometric properties of the orbital motion.

A more sophisticated analysis is given by Watzky [1992], describing the damped free
vibration of the stiff string. Its main novelty is the inclusion of torsional vibration as
coupling term between the transverse modes. He suggests that the effect of longitudinal
modes can be neglected (i.e., the tension can be considered spatially uniform) if all the
transverse modes are far from half of a longitudinal resonance frequency. (We will see in
Sec. 5.3.4 that the right condition is a bit more complicated). In any case, the inertial
effects are neglected in [Watzky 1992], too.

Hanson et al. [1994| have made thorough experiments on the vibration of a loosely
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stretched red brass harpsichord wire. Most of their results are in agreement with the
theoretical studies quoted above. One exception is that they suggest that there is no critical
frequency for the onset of motion perpendicular to the driving force (which they call “z
motion”). They have found “z motion” quite far below resonance, which continuously grows
as the driving frequency approaches the resonance frequency, and that this “z motion” does
not necessarily mean nonplanar vibration.

5.2.2 Nonlinear Generation of Missing Modes

The literature quoted in the previous section investigates only the first (or the first few)
transverse modes. As in a musical instrument string dozens of transverse modes vibrate,
the above works cannot be directly applied in musical acoustics. There is one paper,
however, which deals with the problem from this point of view. The purpose of Legge
and Fletcher [1984] was to investigate the intermodal coupling of strings. That is, how a
specific transverse mode can gain energy from another transverse mode.

We reproduce the derivation of tension in |Legge and Fletcher 1984] in a more general
formulation, by writing the transverse displacement in its modal form

t) = iyn(t) sin (n_zx) , (5.19)

where y,(t) is the instantaneous amplitude of the transverse mode n, as introduced in
Sec. 2.2.4. Inserting Eq. (5.19) into Eq. (5.15) gives

T -7+ 12 [* [zyn _cos("gx)rdx:
jﬁg/o {sznym ) gn(t) [COS (W)Hw (@)”dm

m=1n=1
(5.20)

After performing the integration, all the terms cancel out, except the rightmost cosine term

for m = n, giving

2
T(t) =Ty + 4LEQSZn (5.21)

Writing the instantaneous amplitudes as in |Legge and Fletcher 1984, i.e., in the form of
exponentially decaying sinusoidal functions

ot
Yn(t) = Apsin(wpt + op)e” ™, (5.22)
yields the expression for tension

2B8 &
WST n2A2[1 — cos(2wnt + 2p,)]e . (5.23)

n=1

T(t) =Ty +
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The first time-dependent part of Eq. (5.23) is a quasistatic increase of tension

oo

w2 ES 9 9 2t
qu: ]2 nzln Ane ™, (524)

which decays slowly. This leads to a proportional increase in modal frequencies, giving a
relative change of /(7o + Tys)/To. This shift decreases as a function of time, leading to a
pitch glide effect. That is, the initial pitch of the string is higher than in the latter part,
due to the decaying amplitude of vibration.

The second part contains the double frequency terms

[e.e]

’ES _2t
7T8L2 g n? A2 cos(2wnt + 2, )e ™ , (5.25)
n=1

Tar = —

leading to a continuous modulation of tension, built up of sinusoidal functions having
double the frequencies of transverse modes. The amplitude of this modulation decays
exponentially, and the decay times of its components are the half compared to that of the
originating transverse modes.

Substituting Eq. (5.23) into Eq. (5.16) and concentrating on the effects of double fre-
quency terms leads us to the observation that the different transverse modes cannot effi-
ciently exchange energy if the string is rigidly terminated. This can be explained when we
consider the motion of transverse mode m. The driving force T9?y/0z? for mode m will
contain the frequencies 2w,, + w,, for all n. However, for effective excitation the excitation
frequency should be near to the resonant frequency w,,, which is satisfied only in the case
of n = m. Thus, mode m can only act on itself and the other modes cannot influence
its motion. As a practical result, if a mode is missing from a vibrating string, it cannot
be generated by nonlinear coupling in the case of infinitely rigid terminations |Legge and
Fletcher 1984].

If the bridge is not infinitely rigid, but has the admittance Y (w) at * = L, then
a different situation occurs. The most important difference is, besides a change in the
transverse modal frequencies and decay times, that the spatial distribution of modes also
changes. Practically, L has to be replaced by L + §L,, in Eq. (5.19). The string behaves
as a lossy string rigidly supported at 0 and L + §L,,. This virtual change of length can be
different for all the modes, and approximately computed as

5Ly ~ LTy ()} (5.26)
Wn

In this case the force acting on the bridge contains the frequencies 2w,, + w,,. However, a
significant difference arises from the rigid bridge because now the string modes are virtually
supported at L + §L,,, but excited by the bridge movement at x = L, thus, all the modes
can gain energy from the bridge motion. Strong coupling arises when the excitation and
resonance frequencies are near, thus, the mode p can gain energy from modes p = 2m + n,

as wp ~ 2wy, = w, |Legge and Fletcher 1984].
For a more realistic bridge, when the string passes the bridge at an angle, the tension
Eq. (5.23) directly appears in the bridge movement. This means that the double frequency
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terms 2w, can directly excite any of the transverse modes. Naturally, effective excitation
will arise when p = 2n, as in this case the excitation frequency 2w, will be close to the
resonance frequency w, of mode p |Legge and Fletcher 1984].

Under these circumstances, it is possible that an initially unexcited mode can gain
energy from the other transverse modes. This has been justified by experiments in [Legge
and Fletcher 1984|. Moreover, they note that things get even more complicated when the
modal frequencies of the string are not harmonic, as in that case the different coupling
mechanisms (2w, + w, and 2w,) excite mode p at slightly different frequencies, which
both are a bit different from w,,, resulting in beating and amplitude fluctuations.

5.3 Modeling of Longitudinal Modes

In Sec. 5.2 the tension was considered spatially uniform along the string and could be
directly computed from the transverse displacement, as the dynamics (inertial effects) of
longitudinal modes were negligible. However, this assumption is no longer acceptable for
the class “Longitudinal modes” of Fig. 5.1 as there the longitudinal modes are excited
near or above their resonance frequency. Therefore, in this section we investigate how the
longitudinal vibration is excited by the transverse string motion. As the tension variation
is negligible in comparison to Ty, the longitudinal to transverse coupling is neglected. As
a result, both the transverse and longitudinal wave equations can be considered as linear
systems, where the excitation of the latter is a nonlinear function of the transverse string
shape. Thus, the equations of Sec. 2.2.3 can be directly applied, leading to an analytical
solution. The tension will be decomposed into a spatially uniform part (for what the results
outlined in Sec. 5.2 hold) and to a space-dependent part, at which we look in more detail.
We assume that the string is vibrating in one plane, i.e., one transverse polarization is

present.

5.3.1 Prior Work

As for the theories and numerical simulations, the motion of longitudinal modes has been
investigated numerically in [Leissa and Saad 1994] by the Galerkin method, showing non-
periodic regimes of motion for low strain (i.e., loosely stretched strings) or/and large vi-
bration amplitudes. Leamy and Gottlieb [2000] describe the whirling motion of strings, in-
cluding longitudinal vibrations and material nonlinearities for rubber-like strings. Kurmy-
shev [2003] investigates rubber-like strings too, showing that the single-mode motion of a
rubber-like string may evolve to multi-mode motion due to the coupling of the different
polarizations. We note that for rubber-like strings Ty &~ E.S, meaning that the longitudinal
fundamental frequency is not much higher than the transverse one. In this case nonlinearity
arises only at extremely large amplitudes, i.e., when the string displacement is in the order
of string length. Although nylon strings of musical instruments are almost rubber-like, in
those cases the nonlinearity is negligible because of much smaller string displacement.

It is a general feature of the studies cited above that they investigate only the first
few modes and also consider longitudinal to transverse coupling. Therefore, their results
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cannot be directly applied for the present purposes. This is because the present problem
is more complex in the sense that not only the first few but 20 to 100 transverse modes
have to be taken into account in the case of musical instruments. On the other hand,
it is simpler in the way that the longitudinal to transverse coupling and the coupling
of different transverse modes are not investigated, as the primary interest is now on the
longitudinal vibration itself. Therefore, in this section a new modal model is developed
that computes the spectrum of the longitudinal vibration in the case of arbitrary transverse
modal frequencies.

From the musical acoustics point of view, the importance of longitudinal vibration of
piano strings was recognized long ago by piano builders. Conklin [1996] demonstrated
that the pitch relation of the transverse and longitudinal component strongly influences
the quality of the tone and described a method to tune these components. Giordano and
Korty [1996] found that the amplitude of the longitudinal vibration is a nonlinear function
of the amplitude of transverse vibration, confirming the assumption that the longitudinal
component is generated by the nonlinearity of the string and not by the “misalignment” of
the hammer.

Nakamura and Naganuma [1993] found a second series of partials in piano sound spectra
having one-fourth of inharmonicity compared to the main partial series. They attributed
these to the horizontal polarization of the string, but they have actually found the series
that was later named “phantom partials” by Conklin [1999]. Conklin has pointed out that
the phantom partials are generated by nonlinear mixing and their frequencies are the sum
or difference of transverse modal frequencies. He named “even phantoms” those having
double the frequency (2f,) of a transverse mode, and “odd phantoms” those which appear
at the sum f,, + f, or difference f,, — f, frequencies of two transverse modes. Conklin’s
measurements have shown that odd phantoms generally originate from adjacent parents,
i.e., can be found at f; + fg rather than at f; + f7. Phantom partials have also been
found in the spectrum of guitar tones [Conklin 1999]. In a recent paper about guitar
transients, Woodhouse [2004b| states that the amplitude of phantom partials seems to be
modulated according to the longitudinal modal frequencies. This section gives a theoretical
explanation for these experimental findings and provides some new measurement results.

5.3.2 Equations of Motion

The wave equation for the longitudinal motion can be derived from Eq. (5.2) by adding
losses similarly to Eq. (2.25):

2
2 2 o (2
9¢ _ 55 o 1 les ()

Hoe 022 ot "2 ox (5.27)

where R¢(w) in Eq. (5.27) is the frequency dependent frictional resistance of the longitudi-
nal polarization. Here we assume that the longitudinal polarization is not affected by the
excitation directly, but gains energy from the transverse polarization. By comparing with
Eq. (2.25) it can be noticed that the two equations are of the same form, and they differ
only in their parameters: Ty is substituted by ES, and the dispersion term (fourth order
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spatial derivative) is missing. The external force density d,(z,t) is replaced by

2
o (2
de(a,t) = %Es%. (5.28)

Note that we again assume that the string is metallic, i.e., £\S > Ty. This is reasonable, as
in the case of rubber like strings the longitudinal motion is negligible for transverse slopes
typical in musical instruments.

The formal similarity to Eq. (2.25) means that the results of Sec. 2.2.4 can be directly
used. By assuming infinitely rigid terminations, the longitudinal displacement can be
written in its modal form

E,t) = S €(t)sin ("”%”) . (5.29)
k=1

Accordingly, the instantaneous amplitude &(t) of the longitudinal mode k is obtained as

Ee(t) = Fep(t) *&i(t), (5.30a)
L
Fep(t) = / de(x,t) sin (?) dz, (5.30b)
0
&Sr(t) = 2 e sin (we xt) (5.30¢)
o,k = LN Wer ¢ kl) .

where the * sign denotes time-domain convolution and F¢ j(t) is the excitation force acting
on the longitudinal mode k. The time-domain impulse response of longitudinal mode k is
denoted by &5 (t), where we p, = 27 fe 1, and o¢ ), = 1/7¢ ), stand for the angular frequency
and decay rate of the longitudinal mode k. Note that the subscript & in fe x, wek, ock,
and ¢ , is used to distinguish the longitudinal variables from the transverse ones.

For small frictional resistance, the longitudinal modal frequencies are

k |ES rk |ES
fer=Fkfeo= o7/ — or  wer=hwgo=—4/—, (5.31)

2L\ p’ LY\ u
where f¢o = f¢1 is the fundamental frequency of the longitudinal vibration. The decay
rates and decay times are simply written as

1
ek = R(we k)

O¢k = R(w&k) and . (5.32)
The first step in calculating the longitudinal motion is the computation of the excitation
force F¢r(t) by Eq. (5.30b), which is the scalar product of the excitation-force density
d¢(x,t) and the longitudinal modal shape. Expressing the transverse string shape in its
modal form

o0
Y1) = Zlyn@) sin (<) (5.33)
n—=
and inserting Eq. (5.33) into Eq. (5.28) gives

00 nmw nrz )12
n )T I
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which, after some derivations, takes the following form:
7_(_3 o [o.¢]
%@n:—Mﬁ§§:zﬁMmemnx

e "m) + (m — n)sin (m 3 n”)] -0

Note that the indices m and n belong to variables of transverse modes throughout the

ka+nﬁm(m

chapter. The variables of longitudinal modes are indexed by k.

From Egs. (5.35) and (5.30b) it follows that F¢y(t) is nonzero for m +n = k and
|m — n| = k only, since in all other cases the spatial distribution of the excitation d¢(x,t)
is orthogonal to the modal shape of mode k, which is sin(kwxz/L). In other words, a
longitudinal mode with mode number k is excited by such transverse mode pairs, for
which either the sum or the difference of their mode numbers equal to k.

The two cases can be computed separately by defining Fy ;(t) as a sum of two compo-
nents, i.e., Fgp(t) = Fe ()t + F¢(t)”. The component originating from the transverse
modes that satisfy m +n = k is

7T3 k—1
Fep(t)t = —ESThH > Uk n()yn(t) k(k —n)n. (5.36a)
n=1

The component coming from |m — n| = k becomes
3 o0
_ 77
Fep(t) = —2BS¢ 75 Zlyk+n<t>yn<t> k(k +n)n. (5.36b)
n=

The factor of 2 in Eq. (5.36b) comes from the fact that there are two equal series m = k+n
and n = k + m, since both satisfy |m —n| = k.

If the instantaneous amplitudes y,(t) of the transverse modes are known, the longitu-
dinal string displacement can be directly computed by the use of Egs. (5.36), (5.30) and
(5.29).

5.3.3 Longitudinal Motion in the Case of Exponentially Decaying Trans-
verse Modes

For the freely vibrating, dispersive, lossy, and rigidly terminated string the transverse
displacement for a given position 0 < & < L and time ¢ > 0 can be written in the following
form:

y(z,t) = nz:lyn(t) sin (n_zx) = nZ:l Ay, cos(wpt + o )e” 7t sin (n_zx) , (5.37)

where w, is the angular frequency, o, is the decay rate, A, is the initial amplitude, and
©n is the initial phase of the transverse mode n. This form is of particular interest since
the motion of the struck or plucked strings can be described similarly after the excitation
(which, for example, lasts for 1-2 ms in the case of the piano). The steady state vibration
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of a continuously excited (e.g., bowed) string can also be approximated by Eq. (5.37) with
o, = 0.
In Eq. (5.36) all the terms are products of two transverse modal amplitudes:

—ont —

Ym (t)yn(t) = Ay, cos(wpt + @m)efgmtAn cos(wnt + ©m)e

_ %AmAne*“ffm”w 1003 (W + wn )t + om + on) + €08 (W — wn )t + o — )]
(5.38)

It can be seen from Eq. (5.38) that two sinusoidal terms arise with the sum and difference
frequencies of the originating modes. Both terms have the same amplitude 0.54,, A4, and
the same decay rate, which is the sum of o, and o,,.

The excitation force of mode k can be computed by inserting Eq. (5.38) into Eq. (5.36).

This will lead to a sum of exponentially decaying sinusoidal terms
P
Fer(t) = Z Ape 7! cos(wpt + ©p), (5.39)
p=1

where the parameters A,, 0, wp, and ¢, can be computed from Egs. (5.36) and (5.38).
As the equation describing the longitudinal modes is linear (see Eq. (5.30)), its response
can be computed for the individual terms of Eq. (5.39) separately.
The Laplace transform of the impulse response of longitudinal mode k (covered by

Eq. (5.30c)) is
2 1

- Ly s®+ 206k s+ ng + wgk’

L{& (1)} (5.40)

The system characterized by Eq. (5.40) has a free response (or, the homogenous solution
of the corresponding differential equation) that is an exponentially decaying sinusoidal
function with the angular frequency we j, and decay rate ¢ = 1/7¢ . Its forced response
(the particular solution of the differential equation) to the terms of Eq. (5.39) is again an
exponentially decaying sinusoidal function with the frequency f, and decay time 7.

If we assume that 7, > 7¢ 1, then we can compute the amplitude and phase of the forced
response easily, since the transfer function derived from Eq. (5.40) (with the substitution
s = jwp = j2m f,) describes the amplitude and phase change of the excitation signal when it
passes through the system of Eq. (5.40). It can be seen from Eq. (5.40) that the longitudinal
modes can be considered as second-order lowpass filters with a resonance around f¢ .
Excitation frequencies w, around wg j are largely amplified, while for w, < w¢ j there is a
small gain, and for wy, > w¢ ;. there will be no output signal. Example frequency responses
for the first two longitudinal modes of a piano string are displayed in Fig. 5.2 with dashed
lines, giving an idea on how much the excitation terms are emphasized depending on their
relation to the resonance frequency.

Note that the assumption 7, > 7¢ 1, usually holds for stringed instruments, as the decay
time of the longitudinal modes are an order of a magnitude lower than that of the transverse
modes. If one wishes to compute the amplitude and phase of the forced response more
precisely, it can be done in an analytical way by taking the Laplace transform of Eq. (5.39),
multiplying by Eq. (5.40) and performing the inverse Laplace transform.



5.3. MODELING OF LONGITUDINAL MODES 81

Excitation Frequencies

For qualitative understanding of the longitudinal components, it is useful to look at the
spectra of the excitation force series Fg j(t). The most important question is where the
frequency peaks can be found.

To the first approximation, the instantaneous amplitudes y,(t) are decaying sinusoidal
functions with the frequencies f, = w,/(27), as described by Eq. (5.37). By observing
Eqgs. (5.36) and (5.38), the frequencies of the mixing terms in F¢ ;(t) can be calculated as

Frequencies

in ngk(t)+ . { fn+fk7n%fk7

Jn = fro—n = fl2n—k|; (5.41)
) _ . fn+fk+n%f2”+k’
in Fep(t)™ : { fn = fran = fr,

where the form f, refers to the frequency of the transverse mode with mode number a.

Harmonic Transverse Vibration

The approximations in Eq. (5.41) become equalities if the transverse frequencies f, are
perfectly harmonic, i.e., f, = nfo, which is the case for string instruments having negligible
inharmonicity. In this case, there is a strong peak at the frequency fi, and a series of
partials at fo, 1 for odd k and at fo,_o for even k, with n =1,2,.. . This means that the
odd longitudinal modes are excited by components having the same frequencies as the odd
transverse modes. Similarly, the even longitudinal modes are excited at the even transverse
modal frequencies.

These frequencies form the inputs of the time-domain impulse responses &5 5 (t), which
can be considered as second-order resonators. As we have noted earlier, the output of
a resonator has two types of components: one component is the free response, which is
a decaying sinusoid at the frequency f¢ . The other component is the forced response
consisting of the frequency series fo,_1 or fo,_o with n =1,2,.. . The amplitudes of these
spectral lines are amplified around the peak of the resonator fe . As the responses of all the
longitudinal modes are summed together, the output becomes similar to having formants
on a rich harmonic spectrum. The forced longitudinal components are indistinguishable
from the transverse ones since they are exactly at the same frequencies.

Inharmonic Transverse Vibration

For stiff strings, as derived in Sec. 2.2.4, the transverse partial frequencies do not form a
perfect harmonic series but are described by the equation

fn = fonV'1+4 Bn?, (5.42)

where B is the inharmonicity coefficient and fy ~ f; is the fundamental frequency of the
string.
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In this case the terms f,, + fx—n and f,, — fx+n do not have the frequency of f;, but form
a bunch of peaks around fi. The peaks at the frequencies f,, — fr_, lie somewhat higher
compared to fj2,,—x and the frequencies fy, + fg4n are lower than fo,, k. This means that
these peaks depart from the transverse partials in a rate determined by the inharmonicity
coefficient B and the longitudinal mode number k. However, it is still true that odd
longitudinal modes are excited by an odd-like partial series, while even longitudinal modes
are excited by an even-like one.

The force exciting the first longitudinal mode Fg ;(t) is displayed in Fig. 5.2 (a) by a
solid line, computed by the discrete-time implementation of the modal model described
by Egs. (5.36) and (5.30) (see Sec. 6.3.5). The simulation example is a G piano string.
Note that the excitation force has an odd-like partial series and a lower inharmonicity
compared to the spectrum of the transverse bridge force, which is displayed by dots to
show the transverse modal frequencies as a reference. The dashed line indicates the Fourier
transform of the impulse response of the first longitudinal mode &;1(t), amplifying the
frequencies around 690 Hz. Figure 5.2 (b) shows the excitation-force spectrum of the
second longitudinal mode for the same example. It can be seen that here the excitation
spectrum contains even partials only and that the peak of the longitudinal mode (dashed
line) is located at a higher frequency (1380 Hz in this case).

The longitudinal motion is the sum of the motion of different modes. This means that
spectra similar to Figs. 5.2 (a) and (b) should be superimposed with slightly shifted excita-
tion frequencies and very different longitudinal modal frequencies. The result is similar to
formants on a quasi-harmonic spectrum but here the peaks are somewhat smeared as they
are made up of many close frequencies. The most important difference from the case of
harmonic transverse vibration is that these smeared peaks appear between the transverse
ones and therefore they can be easily distinguished.

5.3.4 String Tension

The longitudinal component of string vibration is transmitted to the instrument body by
the force acting on the bridge in the longitudinal direction. To the first approximation,
this equals the tension at the termination F(t) = —T(L,t).

The string tension is computed according to Eq. (5.1). Equation (5.1) is made up
of three terms. By defining T as the tension at rest, Tj(x,t) as the tension component
proportional to the longitudinal slope, and T(x,t) as the tension component proportional
to the square of the transverse slope, the total tension can be written as

T(z,t) =Ty + Ti(z,t) + Ti(z, t). (5.43)

The tension component coming from the longitudinal motion is

o0& T kmx
Ti(w,1) = BS5> = ES+ ;gk(t) k cos <T) , (5.44)

which was obtained by substituting Eq. (5.29) into Eq. (5.1).
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Figure 5.2: The force spectrum exciting the first (a) and the second (b) longitudinal modes
(Fg,1(t) and F¢ o(t)) of a simulated G piano string (solid line). The transverse bridge force
(dotted line) is displayed to show the transverse modal frequencies. The dashed line shows
the frequency response of the first (a) and the second (b) longitudinal modes. The relative
levels of the signals are arbitrary.

Inserting Eq. (5.33) into Eq. (5.1) gives the tension component coming from the trans-

verse vibration:

0y

2
1 ? 1|7 nwr
Ti(z,t) = ES§ (@) = ES§ E;yn(t) n cos (T)] =

_ ESZ—ZQ i iym(t)yn(t) mn [cos (m; ”m> + cos (mL_ ”m>] . (5.45)

m=1n=1

Calculating the string tension T'(x,t) by Egs. (5.44) and (5.45) is quite complicated and
do not provide a qualitative insight to the phenomenon. Therefore in the next subsections
we decompose the tension into a spatially uniform part T(t) and into a space-dependent
part T(m,t). This is advantageous because the effects of the spatially uniform tension

variation are well described in the literature (see Sec. 5.2).

Decomposing the String Tension

It can be seen from Fig. 5.2 that the longitudinal modes have a constant gain under their
resonance frequency. Moreover, we know from the literature (see Sec. 5.2) that if all the
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longitudinal modes are excited under resonance, the tension will be spatially uniform along
the string. Therefore, it seems reasonable to decompose the longitudinal modal response
&s.1(t) into a constant part 557,{(1‘,) representing this constant gain and into a dynamic part
gg,k(t) corresponding to the dynamics of longitudinal modes. We will see that the constant
part Zéyk(t) of the longitudinal response will be responsible for generating the spatially
uniform part of the tension T(t), while the space-dependent part of the tension T (x,t) is
coming from the dynamic response ég,k(t).

Accordingly, the impulse response &5 5 (t) is written as

Esu(t) = &5 () + s (t), (5.46)
where £5,(t) can be computed from Eq. (5.40) by s — 0 for w < we
2 1 2L

(1) o(t). (5.47)

= () = ——
Luwék—f—aék (*) ESk2n2

From Egs. (5.40) and (5.47) the Laplace transform of the “dynamic response” s (t)

(the correction term containing the system dynamics) is

" _ 2 52 + 20£,k S
LKD) = LEMD ~ o)) = —— SRS
Lu (Jé,k +w£7k) S Otk 8T O0¢ ) T We g
2L 82 + 20£,k S

T T ESK2n? 2 + 20 1 5+ ng +w2k, (5.48)
which corresponds to a second-order highpass filter with a resonance at wg . Example
frequency responses of Sg,k(t) are displayed in Fig. 5.3 by solid line, where the parameters
of the longitudinal modes are the same as in Fig. 5.2, but now the frequency axis is in a
logarithmic scale. The dashed line shows the constant response corresponding to 557,€(t),
while their sum (which is the complete response &1 (t)) is displayed by a dotted line. Note
that the phase of the dynamic response is the opposite of that of the static response at
high frequencies, therefore they cancel out.

Similarly to the decomposition of the impulse response, we may also decompose the
modal amplitude & (t) into a part coming from the static response, referred as Ek(t), and
into a part coming from the dynamic response, referred as ék (t). We may also do the same
with the longitudinal tension component by writing 7i(x, t) = T\(x,t) + Ti(z, t).

Tension Coming From the Constant Response
From Egs. (5.47) and (5.30a) the static part of the instantaneous amplitude & (t) of lon-
gitudinal mode k is obtained as
- 2L
=——— F . A4

From Egs. (5.44) and (5.49), the tension component that comes from the longitudinal
motion takes the form

Tifa,1) = —2 3 7 Felt) cos (me) (5.50)
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Figure 5.3: Frequency responses of the first (a) and the second second (b) longitudinal
modes of a G piano tone. The solid line shows the Fourier transform of the dynamic
response &55(t), while the constant response &5, (t) is displayed by a dashed line. The
complete response & x(t) = E54(t) + 557;9(75) is displayed by a dotted line.

Calculating the excitation force Fg y(t) = Fg ()" + Fg ()~ with the help of Eq. (5.36)
and eliminating k by substituting m +n = k and |m — n| = k gives

_ ? S w— m+n
T\ (x,t) = —ES% Z Zym(t)yn(t) mn cos ( 7 mv) —

m=1n=1

2 o= m—n
- E,Sm Z Z Ym (t)yn(t) m n cos ( 7 773:) , (5.51)

m=1 n=1
n#Em

where n # m in the second term comes from the fact that the longitudinal mode number
k = |m — n| cannot be zero. Note that there is no such constraint for the first term as
k =m + n in that case.

Comparing Eq. (5.51) with (5.45) shows that they contain the same terms but with
opposite sign. The only difference is the n # m under the last sum of Eq. (5.51). Indeed,
if Egs. (5.45) and (5.51) are substituted into Eq. (5.43), all the terms cancel out, except
some with m = n giving

2 [e.9]
Al sl s
T(t) = To+ Ti(w.t) + Ti(w,t) = To + ES 5 Y _wi(t) n?, (5.52)
n=1
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where the tension does not depend on z, i.e., it is uniform along the string. This is the
same as Eq. (5.21) obtained by computing the tension from the elongation of the string
by Eq. (5.15). The temporal variation of this spatially constant tension T'(t) in the case of
sinusoidally decaying transverse modes have been already discussed in Sec. 5.2.2.

Tension Coming From the Dynamic Response

From Eq. (5.44), by writing &;(t) = & (t) + £ (t), the tension coming from the longitudinal
motion is obtained as

=FES— Z (€, (t +fk | k cos (?) =T\(z,1) +T1(3:,t), (5.53)

where T)(x,t) is the tension coming from the constant response and can be computed
by Eq. (5.51), and Tj(x,t) is the tension component originating from the dynamics of
longitudinal modes, and it is obtained as

T ) = BST S Me®) « Feal Ik cos (4. (5.54)

where the substitution & (t) = ég,k(t) * F¢ 1,(t) means that the dynamic part of the motion
of longitudinal mode k is computed by convolving the dynamic impulse response gg,k(t)
with the excitation force acting on mode k.

The total tension is given by

T(z,t) = Ty + Ti(x,t) + Ti(x, t) + Ti(z, t) = T(t) + Ti(z, t), (5.55)

where T'(t) is the spatially uniform tension (both transverse and longitudinal) computed
by the static response of longitudinal modes, as given in Eq. (5.52). Accordingly, the total
tension is made up from a spatially uniform part 7'(¢) which comes from the transverse
motion and the constant response of longitudinal modes, and a spatially non-uniform part
Ti(z,t) coming from the dynamics of longitudinal modes.

Let us turn our attention to this dynamic part: according to Eq. (5.48), the dynamic
impulse response 557k(t) corresponds to a second-order highpass filter. This filter has a free
response that is an exponentially decaying sinusoid at the longitudinal modal frequency
we 1 and a forced response, whose amplitude and phase can be computed from Eq. (5.48)
by s = jw,. The excitation terms of F¢ ;(t) have been already discussed in Sec. 5.3.3. Note
that the excitation signal of &5x(t), &5 (t), and 557;9(75) are all the same (that is, Fg ,(t)).

From Eq. (5.48) and from Fig. 5.3 we can conclude that for w, < wej the forced
response is zero. For w, > we i, the forced response is small, as its contribution to the
tension is comparable to that coming from the constant response. However, for w, ~ we,
the longitudinal mode is excited around resonance, leading to a strong component of the
frequency wy, in the tension, having a spatial distribution of the form cos(kmwa/L).

The free response of longitudinal mode k is an exponentially decaying sinusoidal func-

tion with the frequency w¢; and decay rate o¢, which adds a further component to the
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tension, again with the spatial distribution of cos(kmx/L). The amplitude of the free re-
sponse is in the order of that of the forced response. This means that when forced response
is negligible, so is the free response.

Some Notes on the Uniform Tension Approximation

We have already reviewed the conditions given by the literature when the tension can be
considered uniform along the string in Sec. 5.2. However, the decomposition of the string
tension into a spatially uniform part T(t) and into a space-dependent part Tl(x,t) helps
us to understand this phenomenon better. Actually, the uniform tension approximation of
Sec. 5.2 can be applied if the spatially nonuniform part of the tension Tl(x, t) is negligible
compared to the spatially uniform part T'(t). This happens when the dynamic responses
of all the longitudinal modes (which generate the space-dependent part Tj(x,t)) are signif-
icantly lower than the static responses (which determine the spatially uniform part T'(t)).
That is, the longitudinal modes are excited at only those frequencies, where the solid lines
are significantly below the dashed ones in Fig. 5.3. This happens if all the longitudinal
modes are excited by frequencies that are considerably smaller than the corresponding
longitudinal modal frequency f¢ . As the dynamic responses (solid lines in Fig. 5.3) corre-
spond to second-order high-pass filters, it is reasonable to require that all the longitudinal
modes are excited below the half of their modal frequencies.

Thus, the validity of the uniform tension approximation should be evaluated by com-
paring fe, with the excitation frequencies calculated by Eq. (5.41) for each k. Having
small order transverse vibrations in comparison to the ratio of longitudinal and transverse
propagation speeds [see, e.g., Anand 1969 is a sufficient, but not a necessary, condition
for the applicability of the uniform tension approximation.

As a special case, if the transverse vibration contains only one mode, the uniform
tension approximation can always be applied. This is because the transverse mode n
excites longitudinal mode k£ = 2n at the frequency 2f, ~ 2nfy, and the modal frequency
Jeon = 2nfe o of the 2n™ longitudinal mode is much larger than 2f, (as feo/ fo> 1 holds
for metal strings). Note that this is true for all the transverse modes, and not only for the
first few.

Another special case occurs when the transverse partials are present up to a mode num-
ber N. Here the assumption of the uniform tension can be applied only if the excitation
force does not contain significant components around and above f¢ /2. The excitation
forces Fy i (t) have approximately double the bandwidth (= 2N fq) compared to the band-
width of the transverse vibration (= N fp). This gives the constraint 2N fy < f¢ /2, which
is equivalent to Eq. (5.12).
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5.3.5 Longitudinal Bridge Force

The longitudinal bridge force can be approximated as the tension at the termination (x =
L):

[e 9]

F(t) = —T(L,t) = =[T(t) + Ti(L,t)] = — | To + ES% Zyﬁ(t) n?+

n=1
+ES% S {&xt) * Fep(t)} k cos(km)| . (5.56)
k=1

In the case of exponentially decaying sinusoidal transverse modes, the first part T'(¢) is made
up of a slowly decaying average tension and of a tension variation having double frequency
terms (see Sec. 5.2.2). The slow tension variation of Eq. (5.24) yields a change in the strain
of the instrument body, but it is not radiated to the air, i.e., it has no importance in this
case (if we were considering longitudinal to transverse coupling, it would have). On the
other hand, the sinusoidal terms of Eq. (5.23) are effectively radiated by the instrument
body. This means that terms having double the frequency of transverse modes will appear
in the sound generated by the instrument.

The part covering the dynamics of longitudinal modes Tl(L,t) can be computed by
taking the Laplace transform of the excitation Eq. (5.39), multiplying by Eq. (5.48), and
performing an inverse Laplace transform. However, for qualitative understanding it is
enough to notice that Tl(L, t) contains the free and forced response of those modes which
are excited around or above their resonance frequency. The dominant components in
Ti(L,t) will come from those excitation terms which are near resonance.

Note that the components originating from the excitation of longitudinal modes have
much higher amplitude than the double frequency terms. This is because these ‘resonance
terms” are originating from the dynamic response of longitudinal modes (solid line in
Fig. 5.3), where the gain is 30-40 dB larger compared to the static response (dashed line
in Fig. 5.3), which generates the double frequency terms.

5.3.6 Possible Extensions and Limitations
Nonrigid String Terminations

The termination of musical instrument is not perfectly rigid, contrary to the assumptions
made here. As the impedance of the bridge is usually much larger compared to the im-
pedance of the string, its main effect is a change in the transverse partial frequencies f,
and decay times 7,, which can be easily incorporated in Eq. (5.37). The modal shapes
also change slightly, which can be taken into account by substituting L with L + 0L, in
Egs. (5.33) and (5.37), where 0L,, is computed by Eq. (5.26), meaning that none of the
longitudinal modal shapes are completely orthogonal to the modal shapes of the excitation-
force density. However, it is still true that the dominant force components are those com-
puted by Eq. (5.36).

It is proven in Appendix A.2 that the equations derived by assuming infinitely rigid
string terminations are good approximations to the reality for longitudinal modal numbers
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in the order of 1-10, which are actually the most important ones from the musical acoustics
point of view (these are the ones that can be heard). This has also been confirmed by finite-
difference simulations showing only a small change in the output when a more realistic
termination model is applied.

The termination of musical instrument strings can also contribute to the energy transfer
between the transverse and longitudinal motion, if the string passes the bridge at an angle
|[Legge and Fletcher 1984]. As such a coupling is linear, it does not introduce new terms by
itself. The transverse frequencies can appear in the longitudinal motion, and conversely, the
longitudinal frequencies may turn up in the transverse vibration. However, those transverse
and longitudinal components that have the same frequency cannot be distinguished in the
sound pressure. The coupling through the bridge in combination with the transverse to
longitudinal coupling along the string could produce new terms, but they are of fourth
order in the amplitude of the transverse vibration.

Extension to Two Transverse Planes

Real strings vibrate in two transverse polarizations. The modal frequencies for these po-
larizations can be different for the same modes, mostly because of the direction-dependent
termination impedance. This produces beating and two-stage decay in piano sound [Wein-
reich 1977|. The three-dimensional version of Eq. (5.27) is

2
Jy 2
e 0% o 1. |2(#) o)

where z is the string displacement in the direction perpendicular to the already considered
transverse y and longitudinal x directions.

It follows from Eq. (5.57) that the excitation-force density de¢(x,t) is the superposi-
tion of the excitation-force densities computed for the two transverse planes separately.
After performing similar derivations as for Eq. (5.35), the excitation force density of the
longitudinal vibration becomes

7T3 oo oo
dg(x,t) = _Esm Z Z[ym(t)yn(t) + zm(t)zn(t)] m n x

m=1n=1

x [(m—i—n) sin <m2—n7mc> + (m —n)sin (mL_ ”w)] . (5.58)

where z,, is the instantaneous amplitude of the mode n in the z direction:

S(at) = ZN: 2 (t) sin (’”%) . (5.59)

n=1

By replacing ¥, (t)yn (t) With [y (8)yn () +2m (t) 2, (t)] in Eq. (5.36), the excitation force
of longitudinal mode k is obtained. The component originating from the transverse modes
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that satisfy m +n =k is
3 k-1

Ferp(t)t = —ES% i[yk_n(t)yn(t) + 2p—n(t)zn(t)] k(k — n)n. (5.60a)
=1

3

The component coming from |m — n| = k becomes
_ ™
Fea(t)™ = 2587 S [yhen(Da(t) + 214 (D)20(0)] Kk + m)n. (5.60b)
n=1

The total excitation force of mode k is the sum of the two components, i.e., F¢(t) =
Fe i (t)T + Fe 1 (t)~. As the force exciting the longitudinal modes is known, the longitudinal
motion can be readily computed by Eq. (5.30). The equations covering the string tension
could also be obtained by slightly modifying the equations of Sec. 5.3.4. Actually, terms
of the form y,,(t)y,(t) have to be replaced by [Ym (t)yn(t) + zm (t)2,(t)] in all the places.

It is useful to take a short look at the excitation frequencies. If two modes vibrate in two
planes perpendicular to each other, their sum and difference frequencies do not appear in
the excitation force. In reality the vibrating planes of the different modes are not perfectly
perpendicular to each other because of the direction- and frequency-dependent terminating
impedance, meaning that mode m vibrating in one plane will mix with mode n vibrating
in a different plane.

The modal frequencies f,, 1 and f,, 2 of the two transverse polarizations are slightly
different for the same mode number n. Thus, the excitation components coming from
the transverse modes m and n consist of four different frequencies. For example, the
sum-frequency components have the frequencies fy, 1 + fn.1, fm,1 + fn2, fm2 + fn,1, and
fm2 + fn2. The difference-frequency components can be expressed similarly.

The Effect of Neglecting the Longitudinal to Transverse Coupling

The assumption of neglecting the longitudinal to transverse coupling is valid until the
longitudinal vibration is small compared to the transverse one. However, if one of the
excitation frequencies of the longitudinal mode k (see Eq. (5.41)) is very close to the
resonant frequency fe of that mode, the longitudinal motion can have extremely large
amplitude. This does not happen in reality since the longitudinal motion diminishes the
amplitude of those transverse modes from which it originates (the total energy of transverse
and longitudinal vibrations cannot increase). This stabilizing effect is not included in this
model. Some of its aspects will be covered in Sec. 5.4.2.

The longitudinal to transverse coupling would also introduce some terms of third order
in the amplitude of the transverse vibration, but their contribution is less significant in
this regime of vibration, as already discussed in Sec. 5.1.2.

Accordingly, the frequencies predicted by the model of Sec. 5.3 should be in quantitative
agreement with the dominant peaks found in real string spectrum. The amplitude behavior
is described properly for those peaks that do not coincide with the resonant frequency of
the excited longitudinal mode. (This holds for most of the peaks.)
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Note that the coincidences of longitudinal modal and excitation frequencies have a small
practical significance from the sound synthesis viewpoint since they produce an unpleasant
ringing sound even when computed with full bidirectional coupling, e.g., by the model of
Sec. 6.4.2. Therefore, when synthesizing string sounds with this paradigm, the longitudinal
modal frequencies have to be tuned in a way that they are not too close to their excitation
frequencies (see Sec. 6.3.4 for details). This fact implies that these annoying coincidences
should also be avoided in real musical instruments (mostly in pianos) by careful string-

and scale design.

5.3.7 Connections to Measurements

In this section the theoretical results of Sec. 5.3 are related to the measurements of other
authors, namely Nakamura and Naganuma [1993]; Conklin [1999]; Giordano and Korty
[1996]. On the one hand, this confirms the theoretical model developed here. On the
other hand, it helps to understand the theoretical reasons underlying the findings of these
experimental studies.

Parentage of Phantom Partials

From the theoretical point of view, phantom partials are coming from the forced motion
of longitudinal vibrations. An interesting property of odd phantom partials discovered
by Conklin [1999] is that they originate from adjacent parents, i.e., they can be found at
frequencies f,, + f, where |m —n| = 1.

By looking at F ;,(t)~ in Eq. (5.41) it turns out that the frequencies f,,+ fr, = fn+ fitn
are quite close to each other for m + n = p (they would actually coincide in the case of
a perfectly harmonic transverse vibration, and would have the frequency fo,1%). The
question is which f,, + f,, combination has the largest amplitude in the resulting sound. It
follows from Eq. (5.41) that the different f,,+ f,, components belonging to the same smeared
peak (i.e., m +n = p) excite different longitudinal modes. Namely, the frequency f,, + fn
excites the longitudinal mode having the mode number k& = |m — n|. Accordingly, that
fm+ fn component results in the largest longitudinal motion which excites the longitudinal
mode having a modal frequency fe  close to the frequency f,, + fr. In other words, if the
frequency of a phantom partial group is close to the frequency f¢ ; of the kth longitudinal
mode, it mainly originates from parents having mode number difference of k.

The lower odd phantom partials, which were measured by Conklin [1999], most prob-
ably have frequencies to which the first longitudinal mode is the nearest. In this case the
fm + fn terms satisfying |m — n| = 1 dominate, which actually originate from adjacent
parents f, and f,11.

Similar considerations apply for even phantoms, that is, they are generated by parents
having mode number difference of 2, 4, 6, etc., depending on the frequency of the phantom
partial. However, there is an important difference that double frequency terms 2f,, also
occur in the spectrum. These 2f, components would arise even when the bandwidth of
transverse components was significantly lower than the frequency of the first longitudinal
mode, i.e., when the tension was uniform along the string (see Sec. 5.3.4). Actually, these
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are the only components that can be explained by the uniform tension approximation of
Sec. 5.2, while for the sum- and difference frequency components the inertial effects of
longitudinal modes have to be included in the model. The double frequency terms have a
lower amplitude compared to the phantom partials originating from adjacent parents, as
the latter are generated by the resonance of longitudinal modes, while the 2f,, components

correspond to the excitation of a specific longitudinal mode under resonance (see Secs. 5.3.4
and 5.3.5).
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Figure 5.4: Spectrum of the first (a) and the second second (b) of a F} piano tone. Trans-
verse partials are marked by crosses and the second longitudinal mode is marked by a
circle. Two prominent phantom partial groups are indicated by a square and a diamond
(the latter is magnified in Fig. 5.5).

The spectrum of a recorded F; piano tone (having only one string) is displayed in
Fig. 5.4. Transverse partials are indicated by crosses. Note that two crosses belong to one
partial, as there are two transverse polarizations with slightly different modal frequencies.
The free response of the second longitudinal mode is marked by a circle. The remaining
peaks are the forced response of the longitudinal motion, i.e., they are the phantom partials.
Figure 5.4 (a) shows the first second of the tone and Fig. 5.4 (b) displays the second,
giving an insight to the evolution of the spectrum. Note that the free response of the
longitudinal mode (circle) disappears fast in the noise (the decay time is ca. 0.15 s), while
the phantom partials remain significant and their decay rate is comparable to that of the
transverse partials (1-2 s). In general, it has been found that the highest nontransverse
peaks in the long-term spectrum are phantom partials amplified by a longitudinal mode



5.3. MODELING OF LONGITUDINAL MODES 93

40

35+ 12+14 — 4

301

251 13+13 —

20

13+13

15
10+16

Magnitude [dB]

10f

B MM
_lO [\ n | |

60 1161 1162 1163
Frequency [HZz]

|
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Sum frequencies of transverse modes f,,, + f,, are marked by circles, and the mode numbers
of the parent partials are labeled in the form of m + n. The phantom group is displayed
by a diamond in Fig. 5.4.

(one prominent example is marked by a square). This suggests that the forced response of
the longitudinal motion may have a larger perceptual significance than the free response
itself. Most probably the pitch of the longitudinal component is determined by these
amplified phantom partials (like the one marked by a square in Fig. 5.4) and not by
the fast decaying free response. The interested reader may listen to the sound examples
demonstrating the relative significance of these components [Sound examples n.d.|.

The “single” phantom partial marked by a diamond in Fig. 5.4 becomes a group of
partials when plotted at a higher frequency resolution in Fig. 5.5. In this case the data
length is 16 seconds (705600 samples at fs = 44.1 kHz), which was zero padded to 222
samples after applying a Hanning window. The most prominent peaks of the phantom
group are marked by circles. The label “m 4 n” beside a circle indicates that the circle
is located at the sum frequency of the transverse modes m and n (i.e., at f,, + f,). The
frequencies of the transverse modes were determined by finding peaks in the spectrum.
Note that the same m + n combinations can be found at several peaks: the reason is that
the two different frequencies f,, 1 and fy, 2 of the two transverse polarizations of mode m
mix with the two different frequencies f,, 1 and f,, 2 of mode n, as predicted in Sec. 5.3.6.

It can be seen in Fig. 5.5 that the highest peak comes from the 12th and 14th transverse
modes and not from the 13th mode itself, although the amplitude of the latter is only 10
dB smaller. Other even phantoms show the same phenomenon: they principally originate
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from parents having mode-number difference of 2, 4, etc., and not from a single mode
by frequency doubling. This contradicts the findings of Conklin [1999] but confirms the
analysis of Sec. 5.3.5.
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Figure 5.6: Spectrum of the first (a) and the second second (b) of an A; harpsichord tone.
Transverse partials are marked by crosses. All the other peaks correspond to phantom
partials (the one with the largest amplitude is marked by a diamond).

The spectrum of the first and second second of an A; harpsichord tone! is displayed
in Fig. 5.6, showing that phantom partials can be found in other instruments, too. The
displayed part of the spectrum has the largest nonlinear components, meaning that in other
parts of the spectrum the nonlinearity is less prominent. Note that even in this region the
nonlinear components have lower amplitude compared to those in the piano, displayed in
Fig. 5.4. Other example spectra of instruments with phantom partials can be found in

[Conklin 1999].

Inharmonicity of Phantom Partials

Nakamura and Naganuma [1993] found that the inharmonicity of phantom partials (which
they call “lower series”) is one-fourth of that of normal transverse partials. This can be
explained by knowing that phantom partials are mainly produced by parents with mode
numbers close to each other. This means that even phantoms have an approximate fre-
quency of f, = 2f,, where p = 2n is the “mode number” of the phantom partial. (See

!Sound sample provided by the Laboratory of Acoustics and Audio Signal Processing, Helsinki Univer-
sity of Technology.
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Fig. 5.5 as an example, where fi2 + fi14 = 2f13.) Writing f, = 2f, according to Eq. (5.42)
and expressing the frequencies by the phantom mode number p = 2n gives

1
fo =~ 2fn =2fonV1+ Bn? = fop\/1+ Zsz' (5.61)

For even phantoms, the expression is quite accurate. For odd phantoms, n = p/2 is not an
integer number. However, as the inharmonicity curve is a smooth function, the frequencies

of odd phantom partials are also close to the ones predicted by Eq. (5.61).

Amplitude of Longitudinal Vibration

Giordano and Korty [1996] found that the amplitude of the longitudinal vibration in
recorded piano sound is a nonlinear function of the amplitude of the transverse component.
They noted that the nonlinear curve is faster than a simple quadratic function.

Equation (5.35) shows that a peak in the excitation spectrum of a longitudinal mode
is a quadratic function of the overall amplitude of the generating transverse modes m and
n. However, the amplitude of longitudinal motion is mostly determined by parents having
sum frequencies f,, + f, around the longitudinal modal frequencies f¢ ;. The amplitude of
these parents (with mode numbers around 10-20 in practice) is a nonlinear function of the
overall amplitude of the transverse vibration. This is because of the nonlinear nature of the
hammer—string interaction [see, e.g., Fletcher and Rossing 1998, p. 367|. The presence of
this second kind of nonlinearity explains why Giordano and Korty [1996] could not measure
a second-order relationship.

5.4 Bidirectional Coupling of the Transverse and Longitudi-
nal Polarizations

In this section we will briefly overview the bidirectional coupling of longitudinal and trans-
verse polarizations in the case of spatially nonuniform tension. The papers that consider
the bidirectional coupling are those already mentioned in Sec. 5.3.1. It is a general feature
of these studies |Leissa and Saad 1994; Leamy and Gottlieb 2000; Kurmyshev 2003] that
they investigate the first few modes of vibration, thus, they cannot be used directly. We will
rather concentrate on the basic equations, which can be formulated similarly to Sec. 5.3,
and give a qualitative explanation to the stabilizing effect, namely, that the amplitude of a
longitudinal mode cannot grow to infinity, even if it is excited at its resonance frequency.

5.4.1 Equations of Motion

The equations presented in Sec. 5.3 gave analytical solutions as there the nonlinear coupling
between two linear subsystems was unidirectional. Here the coupling is bidirectional, which
cannot be treated analytically for arbitrary number of modes. Therefore, we will examine
the nonlinear transverse force assuming a specific transverse and longitudinal vibration of
the string. In reality, this nonlinear transverse force acts back and modifies the transverse
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motion and the longitudinal motion through the transverse one. Therefore, only qualitative
results are expected.

The equation of motion for the longitudinal polarization is described by Eq. (5.27).
From Egs. (2.25) and (5.3), the wave equation for the transverse motion (y polarization)
is written as

2
o{afi 1

(923/ 82 28 y &y {890 [
=Ty=—5 —F -2 E 5.62
W = Toggs — BSW gur — 2Rz, + ES 3z - (562)

where the right-most term is the nonlinear excitation-force density
dy | O
a{a—g[5+ (& )H o{[T,t) - Ty 2} _ ]
dy(z,t) = ES B = 5 =dy(x,t) + dy(z,t).

(5.63)

Similarly to decomposing the tension T'(z, t) = T(t)+Ti(x, t) (see Sec. 5.3.4), the excitation-
force density dy(z,t) is decomposed into two parts. The part that comes from the spatially

uniform part of the temporal modulation of the tension is

O[T (t) — Ty| X 2
d)(z,1) = { ()8x it} :[T(t)—To]%. (5.64)

Note that Ty is subtracted from T(¢) as it is already included in the term Tp(9%y/0z?) of
Eq. (5.62). The part dy(z,t) can be considered as the excitation force coming from the
temporal variation of the spatially uniform part of the tension.
The part that comes from the space-dependent component of the tension is
i o (Ti(z.H)3%)

dy(z,t) = o (5.65)

As the total nonlinear excitation force is the superposition of d,(z,t) and Jy(:c, t), we will

take a look at the effect of these two components separately.

Excitation Force Coming From the Temporal Variation of the Spatially Uniform
Tension

By using Eq. (5.52) and writing the transverse vibration in its modal form, the first
excitation-force density component Ey (x,t) becomes

a0 = 10 -1y 5= (57 538007 (7 S e (7))
" (5.66)

The excitation-force Fy,m(t) acting on the transverse mode m is given by the scalar product
of the excitation force density and the modal shape

— Lo . /m7x =
Fym(t) = /0 dy(x,t)sin (T) dx = _ESSL3 Ym (t Z . (5.67)

n=1
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As this part of excitation is coming from the spatially uniform part of the tension, its
effects are discussed in Sec. 5.2 and the references cited therein. Here we only recall
that the quasistatic decaying part of tension modulation leads to a pitch glide, while the
double-frequency terms lead to the excitation frequencies 2w, £ w,, for all n, where effective
excitation happens if m = n. It is more interesting to turn our attention to the effect of
tension variation that comes from the dynamics of longitudinal modes.

Excitation Force Coming From the Space-dependent Part of the Tension

The excitation-force density ciy(x, t) is given as

7 0 -
d, t)_m—’t)a_g)_@f( t)+@w
yit b = Ox = og2 I\ ox Oz '

which, by using Eq. (5.54) and writing the transverse and longitudinal displacement in the

(5.68)

modal form, becomes

dy(z,t) = _ESZ_Z n® k yn(t) &(t)sin (n;jx> o8 <kj’ix) B
n=1 k=1
3 00 00 5 . k
~ ES%;;H k? yn(t) &k (t) cos (nzx) o ( T) -
3 00 00O B k —k
_ —ES%;;” k yn(t) &(1) [(nﬂ-kj)sin (n—i[: 7'r:c> + (n — k) sin <nL WCC)}

It is a nice example of the symmetry in nature that Eq. (5.69) has exactly the same form as
the excitation force of the longitudinal motion Eq. (5.35), with the substitutions m — n,
n — k, k — m, ym(t) — yn(t), and y,(t) — & (t). Accordingly, the excitation force
Fy,m(t) acting on transverse mode m can be directly written from Eq. (5.36), by defining
Eym(t) = F;m(t) + ngm(t) The component originating from m = n + k is

Fym ()" = —ES 73 > Ym- k(D& () m(m — k)k. (5.70a)
k=1

The component coming from m = |n — k| becomes

3 [e.e]
Fyn(t)” = —2BS-— ; Y (D () m(m + k)E. (5.70b)
The factor of 2 in Eq. (5.70b) comes from the fact that there are two equal series n = m+k
and k = m + n, since both satisfy |n — k| = m. It follows from Eq. (5.70) that transverse
mode m is excited effectively by such longitudinal and transverse mode pairs, for which
either the sum n + k or the difference |n — k| of their mode numbers is equal to m.

If we assume that the linear transverse component is built up by exponentially decaying
sinusoidal functions, as in Eq. (5.37), and so is the longitudinal motion (but including the
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forced response of longitudinal modes, too), it is possible to find the excitation frequencies

of transverse mode m similarly to Eq. (5.41), given as

Frequencies

in By (et : J Jeke T Imek
7 f&vkvp - fWL7k7

(5.71)

e {0
yRL,P m 9

where the form f,,4 refers to the frequency of the transverse mode with mode number
m £ k, and the form f¢ . , refers to the pth frequency component of longitudinal mode &,
corresponding to the frequency of the free response f¢; and to all the frequencies of the
forced response, given by Eq. (5.41), which can be summarized as fy+ fy1q, forg =1,2,.. .
Concentrating on the forced response of the longitudinal modes (the phantom partials),
ie., letting ferp = fq £ fraq in Eq. (5.71) gives the excitation frequencies of mode m as

fa £ frtq £ fmik (5.72)

for all ¢ and k. For harmonic transverse modal frequencies, the excitation frequencies
given by 5.72 will coincide with the modal frequencies f,,, but for inharmonic strings they
will provide a wideband excitation spectra. Naturally, those terms will have the largest
influence on mode m in both cases, whose frequency equals the modal frequency of mode
m.

From the free response of the longitudinal modes, which means f¢ 1., = fe 1 in Eq. (5.71),
the excitation frequencies are

Jeo £ frnth- (5.73)

These frequencies are different from the transverse modal frequencies even in the case of
perfectly harmonic transverse vibrations. Efficient excitation of transverse mode m occurs
if this frequency is near f,,, which happens, e.g., if the sum f,, + fin4r = fom+r of two
transverse modes with the distance k is near to the longitudinal modal frequency f¢ .

5.4.2 The Stabilization Effect

We know from Sec. 5.3.6 that in a model where the longitudinal to transverse coupling
is neglected, the amplitude of longitudinal motion can grow to unrealistically large value
when the longitudinal mode is excited at its resonance. This does not happen in reality, as
due the longitudinal to transverse coupling the rising longitudinal mode will influence the
motion of its transverse parent modes significantly. In this section we aim at the qualitative
explanation of this “stabilizing effect”. First we investigate whether this growing forced
component of longitudinal motion (which is actually a phantom partial) can act on its
parents. For that, the nonlinear excitation force of the parent modes should contain a
term at their natural frequency. Then, we check whether this excitation term decreases
or increases the amplitude of the parent by comparing the phase of the parent and its
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excitation force. As it can be seen in Eq. (5.67), the excitation force coming from the
spatially uniform tension does not depend on the longitudinal displacement. Thus, the
“stabilization effect” must originate from the excitation force Fj ,(t) coming from the
space-dependent tension T(x, t).

Excitation Frequency

Let us suppose that we have two transverse modes m and n with the frequencies f,, and f,,
with m # n. It follows from Eq. (5.41) that these modes will excite the longitudinal modes
k = |m —n| and [ = m + n. The excitation terms of both longitudinal modes will have the
frequencies f,,+ f, and f,,— fr. As the fundamental frequency of the longitudinal vibration
is much larger than that of the transverse vibration, the longitudinal mode [ = m +n with
the modal frequency f¢ 1, Will not be effectively excited by the frequencies f,, £ f,. On
the other hand, it is possible that longitudinal mode k = |m —n| has a resonance frequency
Jé |m—n| that is near to f, + fn, leading to an efficient excitation.

In Eq. (5.71) the only significant longitudinal component is now f¢ ., = fim + fn with
k = |m —n|. For the transverse components, fi, = fim—(m—n) = fn s present, while
Jm+k = fin(m—n) = fom—n is not, as we have assumed that the only significant transverse
modes are m and n (we exclude the coincidences m = 2m —n or n = 2m—n, as they would
only occur if m = n). Accordingly, we only have to concentrate on F ,,(t)* in Eq. (5.71),
where the two excitation frequencies are (f,+ fn) — fn = fm and (foo+ fn)+ fn = 2fn+ fin-
The latter have no significant effect, but the term with the frequency f,, will largely
influence the motion of the transverse mode m. To sum up, one of the parents of a phantom
partial together with the phantom partial itself create a mixing term in the excitation force
which influence the other parent. The phantom partial have the sum frequency f,, + f, of
the two transverse modes, thus, subtracting the frequency of either parents from this sum
will give the frequency of the other parent.

Increase or Decrease

It has been clarified that a phantom partial can act back to its parent transverse partial
by mixing with the other parent. However, it is still not clear whether this “feedback”
increases or decreases the amplitude of the parent mode.

Let us assume that the two transverse modes m and n < m have the instantaneous
amplitudes y,, = A, cos(wmt + @) and y, = A, cos(wpt + @,). From Eq. (5.36), the
excitation force of longitudinal mode k& = m — n will have the form

3
B T
Fep(t) = Fep(t)” = —QESmAmAnym(t)yn(t)(m —n)mn =
3
= —2ES%(m — n)mnAm Ay cos(wmt + @) cos(wnt + ¢p) =
3
—ES%(m—n)mnAmAn [cos((Wm 4+ wn)t + ©m + ©n) + cos((wm — wn)t + ©m — ©n)],

(5.74)
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where only the first term with the frequency w,, + w, will effectively excite longitudinal
mode k = m — n, as the other has a frequency which is much lower than w¢, where
the dynamic response of the longitudinal mode is negligible (see Fig. 5.3). Note that
Fep(t) =F,
are present on the string have mode numbers m and n that does not satisfy k = m+n (as

(t) in Eq. (5.74) because F y+ (1) is zero, since the two transverse modes that

k=m —n and m # n).

Accordingly, the first term (wy, +wy,) of Eq. (5.74) is filtered by the transfer function of
the dynamic response of longitudinal mode k, which is given in Eq. (5.48). By substituting
s = jw in Eq. (5.48), one obtains

9 .
FEw0) =~ pgoms i armes  ba T (5.7
For w =~ wg i, i.e., around resonance, this gives
. L wgk
Flesr) = ESK2m2  jogy, wek + (Wi, —w?)/2’ (5.76)
which was obtained by assuming w & we p > 0¢ g
For w = wg j, by using Eq. (5.31), we get
FLEs k() Huvmuwe = L ek _ ! (5.77)

ESK joer koS

The more w departs from we i, the less is the gain. For w < wg¢ j, the phase shift is smaller
than —m/2, while for w > we i, it is larger.

If the longitudinal mode is excited by the sum term (wy, +wy) of Eq. (5.74) exactly at
resonance, the forced response of the longitudinal motion of mode k (or, the full motion
after the transient response has died out) will be

: *VES
&k(t) = ;WmnAmAn cos[(wm + wn )t + om + ©n + 7/2]. (5.78)
§KOLTH

Now it is possible to calculate the force acting on mode m originating from the motion
of longitudinal mode k and transverse mode n by the help of Eq. (5.70a)

ES73 -

Fym®) = Fyn() = ~= 26

Oyn(t) mn k =

EST® wVES 5 2
O (ES)0 5 2
m m* n® k ApA; [cos((2wn +wm)t + 2¢0n + @m — 7/2) + cos(wmt + om — 7/2)],

(5.79)

where the second term with the frequency w,, will have a strong effect on mode m, as it
excites mode m exactly at resonance.
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The velocity of transverse mode m is

_ dym(t)
dt

U (1) = Apwm cos(wmt + @m + 7/2), (5.80)

which can be used to write £, as a function of v,,(t)

- <7r6(ES)1'5

F,opmt)=— | ———2_— m?n?k A? t 5.81
y,m( ) 0—57]@64114/.14 m-n nwm 'Um( )7 ( )

where we have neglected the term 2w, + wy, of Eq. (5.79), as it cannot effectively act on
mode m.

Equation (5.81) shows that the force acting on mode m is directly proportional to the
instantaneous velocity of mode m (as all the terms in the bracelets are constants), but it
has an opposite sign. This means that the phenomenon will indeed decrease the amplitude
of the parent mode m. The effect is similar to a damping term coming from friction. It
is interesting to see that this damping term is proportional to the square of the amplitude
A2 of the other parent. This means that if there are two parents with different amplitudes,
the “stabilization effect” will mostly act on the smaller one. Then, as the amplitude of
the two parents gets smaller, so does the amplitude of the forced longitudinal component,
decreasing this “stabilizing force” until a kind of energy balance is obtained.

Simulation Results

The motion of a G piano string was computed by the discrete-time implementation of the
equations of Sec. 5.3. The transverse vibration is calculated by finite-difference modeling,
and the motion of longitudinal modes are computed by a modal model (see Sec. 6.4.2 for
implementation details).

Figure 5.7 (a) solid line shows the evolution of the amplitude envelope of & (t) for a
(G1 piano string, where the coupling from the transverse to the longitudinal polarization
is unidirectional, i.e., the longitudinal to transverse coupling is neglected. The transverse
vibration is excited by the initial condition

y(.0) = 0, (5.82)
%t:O — 10 [sin (?) + sin (%)} ? (5.83)

with m = 9 and n = 10, meaning that only modes m and n are present in the transverse
motion. The amplitude envelopes of these two modes are displayed by dashed and dotted
lines, respectively. The frequency of the first longitudinal mode f¢ 1 is set in a way that it
almost coincides with f,, + f,, (the difference is less than 5 Hz). It can be seen in Fig. 5.7 (a)
that the transverse modes have a simple exponential decay, while the amplitude of the first
longitudinal mode increases as it is excited near resonance.

Figure 5.7 (b) shows the same example but now the longitudinal to transverse coupling
is also included in the model, leading to the “stabilization effect”. Here the increase of
the longitudinal motion leads to a faster decay of the transverse modes. As predicted
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by the theory, the effect is stronger for that mode which has smaller initial amplitude
(dotted line). The amplitude decrease of the transverse modes leads to the decay of the
longitudinal motion. Note that after the amplitude of longitudinal motion reaches a certain
smaller value, the transverse modes start to decay at their linear decay rate, which is the
same as in Fig. 5.7 (a). It is interesting to see that two stage decay can occur in the
amplitude envelopes of transverse modes not only because of the linear coupling of two
transverse polarizations, but also because of the nonlinear coupling of one transverse and
the longitudinal polarization. It is probable that even more complicated envelopes would
arise if the other transverse (z) polarization was also taken into account in the nonlinear

model.
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Figure 5.7: Amplitude of the first longitudinal mode (solid line), the ninth transverse
mode (dashed line) and the tenth transverse mode (dotted line) with unidirectional (a)
and bidirectional (b) coupling.

5.5 Conclusion

In this chapter the geometric nonlinearities of strings have been investigated. Section 5.1
has given the classification of the phenomenon by proposing a nonlinearity map as a func-
tion of longitudinal /transverse fundamental frequency ratios, the amplitude of string vi-
bration, and the number of significant transverse modes. Four nonlinear regimes have been
separated depending on whether the longitudinal to transverse coupling is significant and
whether the tension can be considered spatially uniform on the string. These results have
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been published in [Bank and Sujbert 2005a].

The two classes with spatially uniform tension have been covered in Sec. 5.2 by de-
scribing the results of the literature. Some nonlinear phenomena, such as the appearance
of phantom partials, cannot be described by the spatially constant tension approximation.
Therefore, a new theoretical model had to be developed.

The main results of this chapter are connected to the regime with spatially nonuniform
tension but with negligible longitudinal to transverse coupling. In Sec. 5.3, a modal model
has been proposed, which computes the longitudinal motion with an arbitrary number of
transverse modes. The applied assumption, that the longitudinal to transverse coupling
is negligible, is valid for most of the string instruments (piano, guitar, harpsichord, etc.).
For both helping qualitative understanding and increasing the efficiency of sound synthesis
models of Chap. 6, the tension computed by the modal model has been decomposed into
a spatially uniform and a space-dependent part. The spatially uniform part equals the
tension computed from the elongation of the string. Therefore, the spatially uniform
approximation can be considered as a special case of the modal model. The model has
been justified by showing good agreement with the measurement results. It has been
shown that, for explaining phantom partials, the dynamic response (inertial effects) of
longitudinal modes cannot be neglected. It also comes from the presented theory that
longitudinal modes are continuously excited by the transverse motion, and not only during
the excitation (i.e., hammer—string contact). As the model with rigid termination describes
the phenomenon, it was found that the string termination has less significance. We note
that the accuracy of the model has also been verified by the discrete-time implementations
of the equations (this will be presented in Sec. 6.4.2). Most of these findings have been
published in [Bank and Sujbert 2003, 2005b)].

Section 5.4 has presented some recent results on the bidirectional coupling of the trans-
verse and longitudinal polarizations. Particularly, the “stabilization effect” has been inves-
tigated, showing the qualitative reason why the longitudinal modes cannot grow infinitely

even if they are excited at their resonance.
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Chapter 6

Sound Synthesis of Geometric
Nonlinearities

This chapter is about the sound synthesis of geometric nonlinearities of musical instrument
strings, applying the physical principles presented in Chap. 5. In Secs. 6.1 and 6.2 sound
synthesis methods based on the spatially uniform tension approximation are discussed. As
the main part of this chapter, Sec. 6.3 presents various novel techniques for modeling the
motion of longitudinal modes. The basic idea of the models is that the longitudinal mo-
tion is computed by nonlinearly excited second-order resonators. The methods have been
developed with the applications to the piano, as the perceptual effect of the longitudinal
component is the strongest for that instrument. However, they can be directly used to im-
prove the sound quality of the models of other string instruments, such as the harpsichord
or the guitar. Finally, Sec. 6.4 presents an efficient technique for modeling the bidirectional
coupling of transverse and longitudinal polarizations.

6.1 Double Frequency Terms

In this case the string tension varies with time but spatially uniform along the string.
Consequently, the longitudinal force component includes terms having double the frequency
of transverse modes (see Sec. 5.2.2). These are called even phantoms in the notation of
Conklin [1999]. As we have noted in Sec. 5.1.3, the tension variation is negligible compared
to the initial tension Tj, so it cannot excite any ‘“nonlinear” transverse modes.

A straightforward modeling approach would be a linear string model for the transverse
polarization, from which the tension is computed at every time instant by Eq. (5.15). Note
that the longitudinal motion £(z,t) does not need to be computed, since the temporal

variation of the longitudinal bridge force is simply obtained as the tension variation Fi(t) =

—[T'(L,t) = To] = =[T'(t) — To].

A computationally much more efficient approach was proposed by Karjalainen et al.
[1993] for modeling the Kantele, a traditional Finnish instrument. There the output of
the transverse string model (implemented by a digital waveguide) is lead to a second-order
nonlinearity and a lowpass filter, and the result is mixed with the string output. The

105
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nonlinearity adds the required double-frequency components, but some unwanted sum-
and difference frequencies too. In |[Karjalainen et al. 1993] the main motivation was to add
a reinforcement to the second harmonic. As a result, efficient lowpass filtering could be
used after the nonlinearity, suppressing the unwanted peaks. This model can be considered
as a very efficient perception based approach, which works for the Kantele, but it is likely
that it would give less agreeable results for other instruments, especially for inharmonic
strings.

6.2 Tension Modulation

In this modeling paradigm the tension is spatially uniform along the string as in Sec. 6.1,
but the temporal variation of the tension is no longer negligible in comparison with 7.
This leads to the nonlinear excitation of transverse modes. The theory of this regime
of string motion has been reviewed in Sec. 5.2. For modeling, the tension is computed
by the discretization of Eq. (5.15) and then fed back to the transverse string model. The
longitudinal force at the bridge equals the tension variation, similarly to the case of Sec. 6.1.

The most efficient approach for modeling the temporal modulation of tension is based
on digital waveguides. In this case the effect of tension variation can be taken into account
by varying the delay line length, which is done by a variable allpass filter at the termination
[Tolonen et al. 2000; Erkut et al. 2002]. A computationally more demanding, but more
accurate method is distributing the variable length delays between the delay elements
[Pakarinen et al. 2003, 2005b|. Recently, an energy conserving variation of the technique
have been presented in [Pakarinen et al. 2005a; Valiméki et al. 2006].

It is straightforward to implement tension modulation in finite-difference modeling,
as the tension 7Tp is an independent parameter of the model (see Sec. 2.3.1), which can
be varied according to the tension computed from the string length. Bilbao [2004a| has
presented such a model with energy-conserving property, which is beneficial as the stability
of the model is guaranteed. Finite-difference schemes applying the constraint Ax = cAt
are generally not well suited for modeling the modulation of tension, as the tension and the
number of string elements are interdependent (see Sec. 2.3.1). However, Pakarinen et al.
[2005b| have proposed a somewhat complicated solution to the problem, where the tension
modulation is implemented by interpolating the string state between consecutive samples.

A modal-based tension modulation string model have been presented by Trautmann
and Rabenstein [2000] that apply the Functional Transformation Method. Bilbao [2004b]
has provided an energy conserving modal method for computing the response of tension
modulated strings.

6.3 Modeling of Longitudinal Vibrations for Sound Synthesis

In this case the frequencies of the terms exciting the longitudinal modes are around or above
the longitudinal modal frequencies. As a result, the tension varies with both time and space
along the string. As the tension variation is small compared to T, the longitudinal motion
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does not influence the transverse vibration. For modeling, the largest difference from the
cases of Secs. 6.1 and 6.2 is that now the motion of longitudinal modes also have to be
computed.

In this Section, after the review of others work, the theoretical findings of Sec. 5.3 are
used for sound synthesis purposes. As the goal is efficient sound synthesis, the theoretical
model is simplified in a way that the most important features of the phenomenon are
retained, while the less significant ones are neglected. We proceed from computationally
more complex, physics-based approaches to more efficient, but less physical models.

6.3.1 Methods Proposed by Other Researchers

The first attempt for modeling the longitudinal component of the piano tone was made by
Borin [2001] in the mid-nineties. In that model the transverse vibration of the string was
computed by a digital waveguide. The hammer-string interaction force computed by the
transverse string model was lead to an auxiliary digital waveguide, tuned at a much higher
frequency, aimed at simulating the longitudinal components. A shortcoming of this model
is that it is based on the assumption that the longitudinal string motion is excited during
the hammer-string contact only. (We know from Sec. 5.3 that the longitudinal motion is
continuously excited during the whole string motion.) As a result, only the free response
of the longitudinal motion is simulated, while the forced response (phantom partials) is
neglected. This reproduces some of the features of the longitudinal component, but the
longitudinal component sounds as a separate tone, unlike in real pianos. Informal listening
tests show that the simulation of phantom partials is even more important than modeling
the free response (see Sec. 5.3.7).

A very efficient method for modeling the phantom partials was proposed by Bensa and
Daudet [2004]. In that model some of the transverse modes of the string output are filtered
by narrow bandpass filters, then these components are multiplied by the transverse string
signal itself. As a result, sum- and difference frequency components arise between the
transverse peaks, simulating the perceptual effect of phantom partials. The shortcoming
of the approach is that it is based on a wrong physical model. In |[Bensa and Daudet 2004|
the tension is considered to be uniform along the string (which is not the case for the
piano), and the main source of tension variation is a linear coupling from the transverse
motion. As a result, the frequencies of these mixing terms are different from that found
in real pianos. Although it is physically not correct, this is the most efficient approach for
modeling the perceptual effect of phantom partials.

In [Caramaschi 2004| the idea of the composite string model of [Bank and Sujbert
2004| (presented here in Sec. 6.3.4) have been applied for the digital waveguide. That
is, the transverse string displacement has been computed by a digital waveguide string
model instead of the finite-difference scheme. Although being more efficient, this way of
computing the excitation force of the longitudinal modes produces audible artifacts. This
is discussed in Sec. 6.3.6.
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6.3.2 Finite-difference Modeling

A straightforward approach for modeling the vibration of musical instrument strings is
implementing the simultaneous differential equations (5.27) and (5.62) by finite-difference
approach. Actually, this approach is capable of simulating the bidirectional coupling of
the transverse and longitudinal polarizations, so it “knows more” than required (it rather
belongs to Sec. 6.4). In an earlier work |[Bank and Sujbert 2003] such a model was de-
veloped. The computational demand of such an approach is large because high sampling
frequency (fs =~ 500 kHz) is required due to the higher propagation speed in the longitudi-
nal direction. Another reason of waste of resources is that the longitudinal displacement is
computed at each point, while this is not necessary, as here we assume that the feedback
from the longitudinal to the transverse vibration is negligible. All we need to know is the
longitudinal bridge force, which is the tension at the termination. (Note that the trans-
verse displacement has to be known at each point along the string for the computation of
the longitudinal excitation force by the scalar product of Eq. (5.30b).) Still, this approach
can be very useful for experimental purposes. A commercial computer program based on
a finite-difference string model was written by Stopper [2003] helping piano tuners in scale
design.

6.3.3 Tension Decomposition

An equally precise but computationally less demanding way of computing the longitudinal
force at the bridge is using the idea of tension decomposition presented in Sec. 5.3.4.

In this model the transverse vibration is computed by any of the standard techniques,
e.g., by finite-difference modeling. The spatially uniform part of the tension is computed
from the elongation of the string by Eq. (5.15). This is followed by calculating the excitation
forces F¢ y(t) of the longitudinal modes by Eqgs. (5.28) and (5.30b). Then, the dynamic
response &x(t) of the first few (e.g., 5-20) longitudinal modes is computed by feeding
these excitation forces into second-order highpass filters, which implement Eq. (5.48). By
knowing ék(t), the bridge force (which equals the tension at the termination) is obtained
as

Ft)=-T(L,t) = —

L 2 Ko
To+1E—S/O (%) de+ BSTY k&(t) (-1F| . (6.1)
k=1

Naturally, the derivatives and the integration in Eq. (6.1) have to be substituted by finite-
differences and summation, respectively. This also holds for the rest of this chapter, i.e.,
when a continuous-time equation appears, it has to be discretized for implementation.
The method provides almost the same output as the full finite-difference model (see
Sec. 6.4) while its computational cost is around the 20% of the full finite-difference model
(the computational cost is estimated by the number of additions and multiplications). This
is because now the longitudinal modes are computed by second-order highpass filters and
not by a finite-difference scheme, which eliminates the need for high sampling rates. The
sampling rate is now a function of the transverse string model, where 44.1 kHz is usually
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sufficient even for a finite-difference transverse string model. However, it is possible to
decrease the complexity even more by some perceptual simplifications.

6.3.4 The Composite String Model

The composite string model is a simplification of the tension decomposition model of
Sec. 6.3.3. The model structure is depicted in Fig. 6.1. The transverse deflection y(z,t) is
computed by a finite-difference string model running at audio sampling rate (e.g., fs = 44.1
kHz), which implements the differential equation of Eq. (2.50). The discretization is done
as discussed in Sec. 2.3.1. A finite-difference hammer model (see Secs. 2.4.1 and 4.1) is
also attached to the string. The initial velocity of the hammer is denoted by vy in Fig. 6.1.

Vo

—» Hammer
Ty
Finite-difference string model
YYyyyy SOIRY 4y )
—  Excitation-force calculation SOrl:]r:)c(ijbecl)ard
Fres

»R@ H @

»R,(2)

»R(2

Figure 6.1: The composite string model applying finite-difference modeling and second-
order resonators Ry, ..., Rx.

The excitation-force density of the longitudinal motion, d¢(x,t), is computed according
to Eq. (5.28) from the transverse displacement calculated by the finite-difference transverse
string model. Then the excitation force F ;(t) of each longitudinal mode & is computed by
a scalar product with the longitudinal modal shape as in Eq. (5.30b). The instantaneous
amplitudes & (t) of the longitudinal modes are calculated according to Eq. (5.30a), which
is implemented by second-order resonators (R, ..., Rx in Fig. 6.1). The computationally
heavy part of longitudinal-vibration modeling lies in Eqgs. (5.28) and (5.30b). Especially
the load of Eq. (5.30b) is heavy, as the force input Fg () is computed by scalar products
for all the modes (N & 10 in practice) separately. Therefore, further simplifications are
necessary.

The excitation spectrum (the Fourier transform of Fy ,(t)) of all the odd and all the
even longitudinal modes are very similar, respectively. It can be seen in Fig. 6.2 that the
only difference is that the frequency peaks are slightly shifted as a function of mode number
k because of the inharmonicity of the string. The amplitudes are also somewhat different,

but the general envelopes are of quite similar structure. Therefore, it is a reasonable choice



110 CHAPTER 6. SOUND SYNTHESIS OF GEOMETRIC NONLINEARITIES

BN
a1

(@)

Magnitude [dB]
'_\
o
.

o =E “
0 0.2 1 1.2 1.4 1.6 1.8 2
15
(b)
o
k=)
[}
e
2100 i
c
(@]
@
=
50 - W Y | | i L ‘I‘}
0 0.2 0.8 1.2 2

Frequency [kHz]

Figure 6.2: The spectrum of the excitation forces of longitudinal modes. (a): The excitation
force of longitudinal mode 5 (solid line) and 9 (dotted line). These modes contribute to
odd phantoms. (b): The excitation force of longitudinal mode 6 (solid line) and 10 (dotted

line). These modes give a rise to even phantoms.

to substitute the excitation force F¢ i (t) of all the odd longitudinal modes by the excitation
force of one odd longitudinal mode (e.g., F¢ x(t) = F¢5(t) for odd k). The same can be
done for the even longitudinal modes. It follows from Eq. (5.41) that odd phantoms arise
from the vibration of odd longitudinal modes and even phantoms from the vibration of even
ones. Therefore, it is important to incorporate at least one odd and one even modal shape.
Having only one modal shape in the model would lead to an excitation spectrum with odd
or even harmonics only. Accordingly, the model can be simplified by computing the force
input for two modes (e.g., Fres = Fe5 + F¢, but any other odd and even mode would
do) and using this as a common excitation for all the resonators. This way the multiple
(or smeared) peak of a real phantom partial (as depicted in Fig. 5.5) is substituted by a
single exponentially decaying sinusoid. The double-frequency terms are also neglected in
this model. However, it seems that the ear is insensitive to this small variation, as the
simplified model leads to almost identical perceptual results compared to the full model of

Sec. 6.3.3, but requires a significantly lower computational power.

As already noted in Sec. 5.3.6, if the longitudinal modes are excited at resonance, the
longitudinal motion can have unrealistically high magnitude, leading to unrealistic sound.
This would not happen in reality, as the feedback from longitudinal to transverse motion
would diminish the amplitude of the transverse parents, thus, the longitudinal mode as well
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(see Sec. 5.4.2). However, this feedback is not included in the model, as it would increase
the computational complexity, and its effect is only significant in this situation. It is much
simpler to set the frequencies f¢ ) of the resonators Ry,..., Rk in a way that they do not
coincide with the peaks of their excitation signal Fi¢s(t). This can be done automatically by
computing the excitation frequencies of the longitudinal modes by Eq. (5.41) and slightly
shifting those longitudinal modal frequencies, which are excited near resonance.

The force signals F(t) and Fi(t) in Fig. 6.1 coming from the transverse and longitudinal
polarizations are sent to the soundboard model, which computes the sound pressure P(t).
The soundboard is modeled by a multi-rate filtering algorithm approximating the measured
impulse response of a transversely excited piano soundboard (see Sec. 4.3). The soundboard
responds slightly differently to a longitudinal force than to a transverse one. This difference
can be modeled by the filter Hi(z) in the longitudinal force path. However, it was found
that a constant coefficient H)(z) = C) in the range of 0.2-0.5 produces adequate sound.

The sound pressure spectrum of the first second of a synthesized G note is displayed
in Fig. 6.3 (a). The phantom partials are clearly visible between the transverse modes,
which are emphasized around the longitudinal free mode at 1450 Hz. The circle indicates
the component coming from the longitudinal free response, while the crosses show the
transverse modal frequencies. It can be seen that the spectrum is similar to that of a real
piano tone displayed in Fig. 5.4. The composite string model produces the same sound
quality as the methods of Secs. 6.3.2 and 6.3.3, while its computational requirements are

reduced significantly.

6.3.5 The Resonator-based String Model

In the resonator-based string model the string displacement is represented by its modal
form (see Egs. (5.33) and (5.29)) for both the transverse and longitudinal polarizations and
the instantaneous amplitudes y,(t) and £ (t) are computed by second-order resonators.
Therefore, it can be considered as a variation of the composite model of Sec. 6.3.4, where
the finite-difference transverse string model is replaced by a modal model.

The string is excited by a hammer in the transverse polarization. The hammer is
modeled in the same way as in the case of finite-difference string (see Secs. 2.4.1 and 4.1).
The string response to the hammer force is calculated by a set of second-order resonators,
which have input and output coefficients depending on the hammer position, as discussed
in Sec. 2.3.3. The outputs of these resonators correspond to the instantaneous amplitudes
yn(t) of the transverse vibration, which can be directly used to compute the excitation
force Fep(t) = Fep(t)™ + Fep(t)~ of the longitudinal modes by using Eq. (5.36). From
this point, the approach is the same as taken in Sec. 6.3.4: the excitation force of one even
and one odd longitudinal mode is calculated and summed (e.g., Fies(t) = Fe5(t) + Fe6(t))-
This signal is then fed to the resonators calculating the instantaneous amplitudes &g ()
of the longitudinal modes. The efficiency can be further increased if those components of
the excitation signal Fles(t) are not computed where the gain of the longitudinal resonator
bank is small.

This model is capable of producing the same sound quality as the composite string
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Figure 6.3: The sound pressure spectrum of the first second of a synthesized G piano tone
computed by the composite string model of Sec. 6.3.4 (a) and by the resonator-based string
model of Sec. 6.3.5 (b). Crosses indicate transverse partials and the second longitudinal
mode is marked by a circle in both figures. All the other peaks correspond to phantom
partials. To be compared with Fig. 5.4 (a).

model of Sec. 6.3.4 when the number of resonators implementing the transverse modes
equals the number of string elements in the finite-difference model. Figure 6.3 (b) displays
the sound pressure spectrum of the first second of a G; piano tone synthesized by the
resonator-based string model. It can be seen in Fig. 6.3 that the resonator-based model
produces a similar output compared to the composite model of Sec. 6.3.4 when the string
and hammer parameters are set to be the same. The only difference is that the composite
string model generates noise-like peaks between the dominant partials due to computa-
tional inaccuracies. However, this is not considered as an advantage because the difference
between the output of the two models is almost inaudible [Sound examples n.d.].

An advantage of the resonator-based approach is that the computational complexity is
reduced by a factor of two. Moreover, this method is particularly advantageous when the
goal is to reproduce a tone which is similar to that of a particular instrument since the
measured partial frequencies f,, and decay times 7, can be directly implemented in the
model. On the other hand, the resonator-based model is less physical in the sense that
the physical parameters of the string (such as string mass and tension) have only indirect
connection to the model.
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6.3.6 Digital Waveguide and Longitudinal Resonators

Based on the composite model of Sec. 6.3.4, it seems to be a straightforward simplification
to compute the transverse string shape by a digital waveguide model instead of finite-
difference modeling. This is advantageous because digital waveguide string models need
less than 10% computational power compared to the finite-difference approach.

However, while a finite-difference transverse string model is made up of 100 elements
(the transverse displacement is computed at 100 points along the string), the digital
waveguide model of a low piano string may consist of 1000 unit delays. This means that
the spatially discretized implementation of excitation-force calculation (Egs. (5.28) and
(5.30b)) should be computed at 1000 points, instead of 100. This increase can be overcome
by spatially downsampling the string shape computed by the digital waveguide model,
similarly to what has been done in the case of tension modulation modeling [Tolonen et
al. 2000]. This leads to spatial aliasing, unless some spatial lowpass filtering is used. Un-
fortunately, the computational complexity of such a filtering is high. Therefore, the best
option seems to avoid lowpass filtering, and hoping that the difference cannot be heard, as
it was also done in [Tolonen et al. 2000.

A more intrinsic problem with the digital waveguide is that it is intended to compute
the string motion at specific points only. Actually, its efficiency comes from the fact that
the effects of dispersion and losses can be moved anywhere between the excitation and
observation point. In linear string models there is usually one observation point (the
bridge of the instrument), therefore all the losses and dispersion are realized as a single
filter in the delay loop. However, in our case the transverse string displacement should
be known at each point, or, if we spatially downsample as suggested above, at 50-100
different points. This means 50-100 observation points, requiring 100-200 small filters
between them. Unfortunately, this leads to a computational complexity comparable to the
finite-difference method or the modal-based approach.

It is interesting to see what happens if the losses and dispersion are still lumped into
one filter (although we know from the previous paragraph that this is not correct), and
calculate the excitation force of the longitudinal modes by Egs. (5.28) and the scalar
product of (5.30b). In this case the spectrum of the excitation force F¢ x(t) is not quasi-
harmonic as depicted in Fig. 5.2 but contains a lot of inharmonic and noise-like peaks. This
is shown in Fig. 6.4 (b), while the excitation force of a harmonic waveguide is displayed
in Fig. 6.4 (a) for comparison. Figure 6.5 (a) displays the 1.5-2 kHz region of Fig. 6.4,
giving a better insight to the erroneous peaks between the desired ones. Unfortunately
this leads to an unsatisfactory sound. When the dispersion filter is distributed between
the observation points, these peaks have much smaller amplitude, as shown in Fig. 6.5. In
this case 128 first order allpass filters were implemented. Note that not only the noise-
like peaks disappear, but so does every second partial, giving the spectrum an even-like
character, as in Fig. 5.2.

The reason for this difference is that the modal shapes of the string computed by the
lumped dispersion filter are not orthogonal to each other, since some parts of the modal
shapes are “within” the dispersion filter. As the dispersion filter has different delay at
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Figure 6.4: Spectrum of the longitudinal excitation force F ¢(t) of a Cy piano tone synthe-
sized by a harmonic (a) and an inharmonic (b) digital waveguide with lumped dispersion
filter.

different frequencies, the lengths of the modes will be different. In this case the L in the
modal form of Eq. (5.33) should be substituted by L,,, where L,, is different for all n. On
the other hand, if the inharmonicity is negligible, this approach works precisely as can be
seen in Fig. 6.4 (a). The lumped loss filter changes the modal shapes only slightly, which
is in the order of the effect that comes from the nonrigid termination of real instruments,
discussed in Sec. 5.3.6.

As a result, if the string dispersion is not implemented, it is beneficial to compute
the transverse string displacement by a digital waveguide model. Then the transverse
displacement should be spatially downsampled to 50-100 samples, followed by the steps
outlined in Sec. 6.3.4 for computing the longitudinal modal response. On the other hand,
for highly dispersive strings, there is no particular advantage in using digital waveguides.

6.3.7 Physically Informed Modeling Techniques

A very efficient way of modeling the longitudinal components is implementing them as a
signal-based model. This means that the longitudinal force at the bridge Fj(t) is synthe-
sized as a signal, without any concern about its origin. The approach is called physically
informed, as the parameters of the signal are calculated from the physical parameters of
the string off-line by the equations presented in Sec. 5.3, or by analyzing the longitudinal
component computed by a physics-based model.
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Figure 6.5: Spectrum of the longitudinal excitation force Fg ¢(t) of a Cy piano tone synthe-
sized by an inharmonic waveguide with lumped (a) and distributed (b) dispersion filters.
Note that (a) is the same example as in Fig. 6.4 (b), displayed at a higher resolution.

An example can be first computing the longitudinal component by the composite model
of Sec. 6.3.4. Then, this longitudinal component is analyzed and resynthesized by additive
synthesis. This means that the longitudinal signal is built up by exponentially decaying si-
nusoids, implemented by second-order resonators. Note that separate sinusoids are needed
for the forced and for the free response of the longitudinal modes, i.e., these resonators are
not the same as R;..Rk in Fig. 6.1. Next time when the note is played, there is no need
to compute the longitudinal response by the physical model, as it can be synthesized more
efficiently by adding up the corresponding sinusoids. Naturally, one parameter set is valid
for one specific note at a specific dynamic level. Therefore, the parameters of the decaying
sinusoids for all the notes and playing levels should be stored or calculated before each
note is sounded. The gain is that computational complexity is decreased significantly, and
that digital waveguide models can be used to compute the transverse vibration even in the
case of dispersive strings as now the longitudinal modes are computed separately. On the
other hand, the flexibility of the physical modeling is lost and huge amount of parameters
has to be stored.
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The Square of the Excitation Force as an Input Signal

A simple but efficient way of avoiding the parameter dependence of the longitudinal model
on dynamic level is to implement the longitudinal component as second-order resonators
with a special input. The input of these resonators is the square of the excitation force
(hammer force for pianos) computed by the transverse string model. This way, the ampli-
tude of the longitudinal component will be proportional to the square of the amplitude of
the transverse component. As an effect, the longitudinal component will be relatively more
prominent at forte playing levels, which is also the case in reality. The model structure is
depicted in Fig. 6.6. The resonators of the longitudinal component are excited only during
the hammer-string contact. This may seem contradictory to the discussion in Sec. 6.3.1,
where it is stated that the longitudinal modes are excited during the entire string motion,
and not only during the hammer-string contact. However, now the resonators of the longi-
tudinal components are not only those corresponding to the free response, but the forced
components are also represented. The only role of exciting the resonators by the square of
the hammer force is to set the initial amplitudes of the resonators. With this simple trick
we have avoided the need of storing the resonator amplitudes at different dynamic levels.
As a result, only one parameter set is required for each note.
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Figure 6.6: An example for the physically informed synthesis of longitudinal motion.

With this model it is possible to reach the sound quality of the models presented in
Secs. 6.3.4 and 6.3.5 at 10% of their computational cost when the transverse vibration
is calculated by a digital waveguide, but some of the nice features of physical modeling
are lost. For example, when the string is struck again while it is still in vibration, the
longitudinal component coming from the model will be different from the one that would
arise from physics-based models, although this difference usually does not mean worse

sound quality.
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Other Alternatives

Along these lines, many different alternatives are possible. For example, one might compute
the input signal of the longitudinal modes Fies(t) of Fig. 6.1 by a signal model. This is
advantageous as Fies(t) is quasi harmonic, i.e., it can be computed by a dispersive digital
waveguide model with one forth of inharmonicity compared to the main one. Then, this
is lead to the resonators Ry, ..., R implementing the modal response of the longitudinal
modes, whose parameters now can be the same as in the case of Sec. 6.3.4. The only
problem with this approach is that the initial phases of the partials coming from the
digital waveguide are all the same, leading to a spiky excitation signal, which produces a
somewhat unnatural sound. This might be avoided by randomizing the phase with allpass
filters, or by simply fading in the excitation signal Fi.s(t) after the first spikes have been
filtered by the allpass filter in the waveguide loop.

Naturally, it is also possible to substitute the longitudinal resonators Ry, ..., Rx by a
digital waveguide. In this case, the system is made up of three digital waveguide mod-
els: The first digital waveguide computes the transverse vibration. The second digital
waveguide provides the excitation force for the longitudinal modes that are implemented
by the third digital waveguide.

For those instruments where the longitudinal component decays faster, it might also
be possible to store it in a wavetable. In that case the transverse vibration is synthesized
by a physics-based solution, while the longitudinal component is simply played back from

memory.

Commuted Synthesis

One important property of the physically informed approaches is that they can be easily
linearized. That is, instead of squaring the hammer force, it is lead to the model of the
longitudinal component through a constant coefficient, whose value is changed according
to dynamic level. As a result, the whole system becomes linear, thus, its elements can
be simply commuted, as discussed in Sec. 2.5.3. This is displayed in Fig. 6.7. The body
response is stored in a wavetable. This wavetable is read sample by sample and the
corresponding signal is sent to a filter implementing the effect of the hammer. The filtered
signal is lead to the transverse string model. The same signal is also lead to the model of
the longitudinal component, but through a constant gain, which varies with dynamic level.
The outputs of the transverse and longitudinal models are simply added and produce
the system output. This way, a nonlinear system with constant parameters has been
transformed into a linear one having a parameter that depends on dynamic level.

For those instruments, where the longitudinal components decay fast (e.g., in the case
of the guitar), this might not even be needed, if the body response is computed by inverse
filtering, as for example in [Tolonen 1998; Erkut et al. 2000|. This is because the inverse-
filtered version of the longitudinal component of the tone is already contained in the body
response, and when filtered by the transverse string model it is perfectly reproduced.
Actually, this form of commuted synthesis reproduces the tone perfectly up to the length
of the wavetable. All what is needed is setting the length of the wavetable longer than the
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Figure 6.7: Commuted synthesis of longitudinal vibration.

significant portion of the longitudinal component. In the case of the guitar half a second
might be appropriate (for the piano, 2-5 seconds would be required). Unfortunately, in
this case the ratio of the transverse and longitudinal components is fixed, which varies
by dynamic level in real instruments. This can be avoided by either storing different
body response tables for the different playing levels, or by factoring out the longitudinal
contribution from the inverse filtered signal and storing it in a separate wavetable. This
way the amount of longitudinal components can be varied by scaling the output of this

second wavetable.

Applications to Sampling

The same ideas can be used to improve the quality of sampling synthesizers. The most
common way of implementing the change of the timbre due to the variation of hammer
impact speed is to filter the prerecorded sounds by a low-order filter whose parameters
depend on the playing level. However, this filter cannot implement the timbre variation
due to the appearance of the longitudinal component at higher levels. (Or, if the forte notes
are stored, it cannot filter out all the longitudinal components.) The common solution is to
store the piano sound at various (3-5) different dynamic levels, and interpolating between
these. However, interpolation often causes strange artifacts in the sound. Because of this,
some samplers store the sound of the same note at even more different dynamic levels
and switch between these without interpolation. Unfortunately, this requires gigabytes of
sample memory.

The solution proposed here is to store two wavetables for each note, one containing the
transverse component, and the other one containing the longitudinal component. Then,
these are filtered through simple lowpass filters implementing the effect of the hammer-
string interaction, while the appearance of the longitudinal modes is controlled by the
ratio with which the transverse and longitudinal signals are added. This solution leads
to a continuous variation of the tone when the dynamic level changes, while requires less
memory than the multiple wavetable approaches. The difficulty of the approach is that
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the recorded tones have to be decomposed into transverse and longitudinal components.

6.3.8 Comparison

In Section 6.3 many novel techniques have been proposed for the synthesis of the longi-
tudinal component of string vibration. These are summarized in Table 6.1. The column
“Physics-based” indicates whether the computation of longitudinal motion is physically
meaningful. In practice, this means that the model behaves properly when the string is
restruck, damped, or coupled to other strings. The column “Accurate” signs whether the
longitudinal bridge force is calculated accurately. If this is not the case, that means that
some perception-based simplifications were made, providing different output but similar
sound quality. The column “Computational load” shows the approximate computational
complexity compared to the full finite-difference model. As noted earlier in Chap. 4, the
computational load is approximated by the number of additions and multiplications.

The choice between the different models depends on many factors, for example, whether
the task is sound synthesis or scientific investigation (in the latter case “Accurate” models
are needed). Moreover, it is influenced by which type of transverse string model should be
used because of other reasons. Naturally, it also depends on the available computational

power.

Physics-based Accurate Computational load
Finite-difference modeling X X 100%
Tension decomposition X X 20%
Composite model X 10%
Resonator-based model X 5%
Waveguide and resonators X 2%*, (5%)
Physically informed 1%

Table 6.1: Main features of the different techniques for modeling the longitudinal compo-
nent of piano tones presented in Sec. 6.3. The computational load is the complete load for
computing both the transverse and longitudinal polarizations. The * sign means that the
2% 1is valid for harmonic string models. In the case of dispersive strings it is about 5 %,
as the distributed allpass filters increase the complexity.

6.4 Modeling of Bidirectional Coupling for Sound Synthesis

In this section some of the recent results of bidirectional modeling is presented for com-
pleteness. The earlier techniques for modeling the bidirectional coupling are based on
finite-difference modeling [Bank and Sujbert 2003; Stopper 2003, leading to large compu-
tational complexity. Here a new approach based on tension decomposition is proposed,
which produces the same sound quality at lower computational cost.
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6.4.1 Finite-difference Modeling

As we have already noted in Sec. 6.3.2, a finite-difference bidirectional string model has
been presented in [Bank and Sujbert 2003|, which is based on the spatial and temporal
discretization of the transverse wave equation Eq. (5.62) and the longitudinal wave equation
Eq. (5.27). However, the high sampling frequency (ca. 500 kHz) required because of the
higher longitudinal propagation speed leads to large computational complexity. This is a
waste of resources as these high frequency components are not present in the vibration
of musical instrument strings, and we cannot hear them anyway. On the other hand,
computing the longitudinal displacement at each point along the string is not a wastage
as it was for the case of unidirectional modeling of Sec. 6.3.2, as now the tension variation
has to be known at each point, since it acts back on the transverse vibration of the string.
Accordingly, a new method had to be found which still computes the string state at each
point along the string but eliminates the need for high sampling rates.

6.4.2 Tension Decomposition

The method is based on the tension decomposition presented in Sec. 5.3.4, but it can also
be seen as the extension of the unidirectional tension-decomposition model of Sec. 6.3.3.
For computing the transverse displacement, we may use:

2 0 {T(:c, t)%u } 4
u% = T&E - ES&2% - 2R(w),u% + dy ext (2, 1), (6.2)
which can be obtained from Egs. (5.62) and (5.63). For modeling losses, the substitution
of Eq. (2.48) can be used instead of the term R(w). The external excitation force density
(such as the effect of the hammer, plucking, or bowing) is taken into account by the term
dy ext(z,t).

For the first time step, the transverse string motion is computed by T'(z,¢) = Ty. Then,
the dynamic responses & (t) of the first few (5-20) longitudinal modes are calculated as
described in Sec. 6.3.3. The first step is the calculation of the excitation-force density
de(z,t) by Eq. (5.28) and the determination of the longitudinal excitation forces Fg ;(t) by
the scalar product of Eq. (5.30b). The instantaneous amplitudes £ (t) are computed by
second-order resonators, implementing Eq. (5.48). The string tension is computed as

1LES [L /oy 2 LA kmx
T(x,t)—To+§T ; (%) dm—i—ESZ;kfk(t)cos <T>’ (6.3)

which is made up the initial tension 7Ty, the spatially uniform tension variation computed
from the elongation of the string, and the tension coming from the dynamics of longitudinal
modes. Then, this tension is used for the finite-difference string model implementing
Eq. (6.2), which computes y(x,t) for the next ¢ value, from which the tension T'(z,t) can
be computed, and so on.

Note that Eq. (6.3) differs from Eq. (6.1) in the last term because the tension T'(x,t)
has to be computed all along the string 0 < x < L and not only for x = L. This means
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that now the contributions of 5k (t) has to be projected back to the string by the functions
cos(kmz /L), leading to higher computational complexity compared to Eq. (6.1). Accord-
ingly, the computational requirement mostly depends on how many longitudinal modes
are implemented. This is because for each new longitudinal mode a scalar product and a
“back projection” has to be computed, both requiring N additions and N multiplications,
where N is the number of string elements. The accuracy/complexity of the synthesis may
be varied by changing the number of longitudinal modes.

As an example, the transverse and longitudinal bridge force computed by the bidirec-
tional tension decomposition model is presented in Fig. 6.8 by a solid line, with N = 100
elements in the finite-difference string model and K = 10 longitudinal modes. The dotted
line shows the output of a full finite-difference model of Sec. 6.4.1 (with N = 100) running
at ten times higher sampling rate (441 kHz) as a reference. The difference of the outputs
is displayed by a dashed line. Note that this difference is mainly because the numerical
dispersion of the transverse string model is different at various sampling rates, which also
influences the longitudinal vibration due to the coupling of the two polarizations. When
also the tension decomposition model is running at 441 kHz, this difference vanishes, as
can be seen in Fig. 6.9. The small error signal present in Fig. 6.9 (b) is most probably due
to the fact that the longitudinal modes of the full finite-difference model are affected by
numerical dispersion, while they are not in the tension decomposition model, since they are
computed by a modal-based approach. Naturally, computing the tension decomposition
model at a high sampling rate makes no sense in practice, as in that case it would have the
same computational complexity as for the finite-difference model of Sec. 6.4.1. Luckily, it
is not required, as the difference between the models of Fig. 6.8 (where the tension decom-
position model is running at 44.1 kHz) is inaudible. This is because the slight frequency
shift of the higher modes due to the different numerical dispersion does not affect sound
quality. The perceptual effect is similar to having a less precise inharmonicity modeling,

which have been investigated in [Rocchesso and Scalcon 1999).

To sum up, the tension decomposition model is capable of the same sound quality
as the full finite-difference model of Sec. 6.4.1 at about 20% of its computational cost.
Moreover, it has the advantage that the computational complexity /quality can be varied
by changing the number of realized longitudinal modes. Although the model was found
to be numerically stable in practice, the stability analysis of the method would be an
interesting field of future research. (Note that this can be very difficult, as traditional
stability analysis techniques developed for linear models cannot be applied.) Naturally, the
idea of tension decomposition could be used for modal-based approaches and for digital
waveguide models, too. Modeling the longitudinal modes and its effect on tension variation
can also be applied as an add-on to tension modulation string models of Sec. 6.2, where
the spatially uniform part of the tension modulation is already modeled.
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Figure 6.8: The transverse (a) and longitudinal (b) bridge forces of a simulated G piano
tone. The solid line displays the output of the model based on tension decomposition
running at 44.1 kHz sample rate, while the dotted line presents the output of a finite-
difference model running at 441 kHz. The difference of the outputs is displayed by a
dashed line.

6.5 Conclusion

In this chapter sound synthesis methods have been presented based on the theory of
Chap. 5. Sections 6.1 and 6.2 have overviewed the models that apply the uniform ten-
sion approximation.

Section 6.3 proposed many new techniques for modeling the vibration of longitudinal
modes. This corresponds to the situation where the tension is spatially nonuniform, but the
longitudinal to transverse coupling is negligible. The general idea of the methods is that
the motion of longitudinal modes is computed by a nonlinearly excited modal model. This
is advantageous because generally a low number of longitudinal modes has to be simulated,
and in this case the modal-based approach is the most efficient one. The various models
mainly differ in what kind of transverse string model they apply and which simplifications
are made in computing the longitudinal response. First, a physically accurate model have
been proposed in Sec. 6.3.3 that is based on the decomposition of the tension into a
spatially uniform and a space-dependent part, decreasing the computational complexity
by an order of magnitude compared to a full finite-difference model. The efficiency have
been further increased by the “composite” and “modal” models of Secs. 6.3.4 and 6.3.5 by
computing a common excitation signal for the longitudinal modes. These models have been



6.5. CONCLUSION 123

al
o

Trans. bridge force [N]

_5G | | | | | | |

50
(b)

~~ Meef

Long. bridge force [N]
o
1
—
)

_5G | | | | | | |
0 5 10 15 20 25 30 35 40

Time [ms]

Figure 6.9: The transverse (a) and longitudinal (b) bridge forces of a simulated G piano
tone. The line convention and the parameters are the same as for Fig. 6.8. The only
difference is that now both models run at the same sample rate (441 kHz).

published in [Bank and Sujbert 2004, 2005b|. Section 6.3.6 investigated the complications
with inharmonic digital waveguides in the context of longitudinal vibration modeling and
proposed the solution of distributing the dispersion filter. Physically informed models
have been proposed in Sec. 6.3.7, where the connection to physical reality is less tight
resulting in two orders of magnitude lower computational cost when compared to the full
finite-difference method. A linearized and commuted version of the model has also been
proposed. All the methods of Sec. 6.3 increase the sound quality of synthesized piano tones
significantly compared to earlier models neglecting the longitudinal vibrations. The choice
between them mainly depends on whether the physically meaningful behavior or the low
complexity is of highest importance. Although the longitudinal components are the most
significant in the case of the piano, the models could be also used for increasing the reality
of other synthesis models (guitar, harpsichord, etc.)

A synthesis model implementing the bidirectional coupling of transverse and longitu-
dinal polarizations has been presented in Sec. 6.4 [published in Bank and Sujbert 2005a].
The model is capable of producing a sound indistinguishable from a full finite-difference
model at around 20% of its computational cost. The good agreement of the new model
with the full finite-difference model confirms the theoretical results of Sec. 5.3, which form
the basis of the model. This model can be used for such instruments, where both the

effects of tension modulation and longitudinal modes are audible (they are not too many).
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It can also be used for producing musically interesting effects, such as exciting a piano
string with a much higher amplitude, leading to a pitch glide. Examples of synthesized
sounds can be found at [Sound examples n.d.|.

As a straightforward extension to the models proposed in Secs. 6.3 and 6.4, two trans-
verse polarizations could be implemented along the lines of the equations presented in
Sec. 5.3.6. This requires the addition of a second transverse string model. Moreover,
the excitation force density has to be computed as the last term of Eq. (5.57) instead of
Eq. (5.28). From that on, the approach is exactly the same as presented in these sections.
Another possible development is the implementation of frequency dependent termination
impedance. This would be most advantageous for models including two transverse po-
larizations, as this would reproduce the coupling of the y and z polarizations leading to
beating and two-stage decay. We have not dealt with these issues here, as they are orthog-
onal to the proposed ideas. That is, the longitudinal modeling part does not have to be
altered when these extensions are implemented.



Chapter 7

Summary

In this thesis new methods have been presented for the physics-based synthesis of string
instruments. Chapter 3 proposed new algorithms for the loss filter design of digital
waveguides. Accordingly, the results can be used to improve the parameter estimation
of such instrument models, that employ the digital waveguide approach. In Chap. 4 the
multi-rate approach have been utilized for increasing the efficiency of the different parts
of the instrument model. The multi-rate excitation model of Sec. 4.1 provides a simple
method to overcome the numerical stability problems arising from noncomputable loops,
which can be used for struck or plucked strings. The parallel resonator bank of Sec. 4.2
decreases the computational complexity of modeling beating and two-stage decay signif-
icantly and allows simpler parameter estimation compared to earlier methods. As this
phenomenon is prominent in impulsively excited strings, the method is advantageous for
plucked and struck instruments. The multi-rate body model presented in Sec. 4.3 provides
significant savings in terms of computational complexity and can be used for all instru-
ments, where the sound is generated by the radiation of the body (i.e., all acoustic string
instruments including bowed strings).

As we have seen, Chap. 3 and 4 provided either new parameter estimation techniques
for existing structures or efficient implementation of well known physical phenomena. On
the other hand, for modeling the geometric nonlinearities of strings, no such precise physi-
cal models existed that could be used for developing sound synthesis algorithms. Therefore,
Chap. 5 provided a new theoretical framework that besides forming the basis of the sound
synthesis algorithms of Chap. 6, gives an insight to the phenomenon and explains the mea-
surement results of other authors. Thus, these results are not only useful for the sound
synthesis community but for the acousticians and instrument makers, too. Chapter 6 pre-
sented the sound synthesis applications of the theoretical model of Chap. 5. For increasing
efficiency, simplifications were carried out in a way that the effects of smaller perceptual
significance were neglected. The proposed methods can be used to extend various types
of existing linear string models making them capable of modeling the effects of geometric
nonlinearities. Naturally, modeling the longitudinal vibrations is advantageous for those in-
struments, where the effect is perceptually significant. Including them in the model greatly
improves the quality of synthesized piano sounds, and it is very probable that models of
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other string instruments would also benefit from refined modeling.

7.1 Further Research

Measurement methods that could provide more reliable estimates of the instrument body
transfer functions could help the accuracy of body modeling. Alternatively, the body
impulse response could be computed by a precise physical model. This would mean the
combination of the physics-based and post-processing approaches, where the physically
computed body impulse response is implemented by an efficient post-processing approach.
That would provide the opportunity to the user to modify the geometric and material
properties of the instrument body and then play with the new instrument in real-time.

Listening tests should be conducted to asses the importance of the effects of geometric
nonlinearities for those instruments where the phenomenon is less prominent than for the
piano (guitar, clavichord, harpsichord). For bowed strings, the longitudinal polarization is
excited by the bow, too, and not only by the transverse vibration. This should be included
in the model, together with the torsional polarization, which has even stronger effect in
the case of bowed strings than that of the longitudinal vibration.

It would be beneficial for all the modeling methods described in the thesis to find which
are those parameters that give an agreeable sound quality for a given instrument. This
problem can be addressed by analyzing the sound of various instruments and trying to
find the difference between the ones with better or worse quality. Alternatively, physical
models could be used to generate the input for listening tests, where the different features
could be varied independently. This set of rules could not only help in parameterizing
sound synthesis algorithms but could also be beneficial for instrument makers.

7.2 New Scientific Results

This section summarizes the main results of the thesis in the form of scientific statements.

Statement 1: I have developed new methods for decay time-based design of
loss-filters for digital waveguides.

1.1: I have proposed a polynomial regression-based method for designing one-pole loss
filters, which is the most common type of loss filters. I have derived a formula for the
decay time of a digital waveguide using a one-pole loss filter, and I have established a
relationship between the parameters for the one-pole filter and the differential equation of
the lossy string.

1.2: I have developed a robust and simple method for designing higher-order loss filters,
which minimizes the decay time error through a magnitude-dependent weighting function.
The weighting function is derived from the first-order Taylor series approximation for the
decay time as a function of filter magnitude.
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Statement 2: I have suggested the application of multi-rate techniques for in-
creasing the efficiency of string instrument models.

2.1: I have proposed a new method for maintaining numerical stability within the exci-
tation model. According to the method, the excitation model should operate at a higher
(e.g., double) sampling rate than the rest of the instrument model.

2.2: T have shown that the beating and two-stage decay effects can be efficiently modeled by
running a few resonators in parallel with the basic string model (e.g., a digital waveguide).
The method models the phenomenon only for those partials that are dominated by the
effect. The resonators run at a sampling rate lower than that of the string model, which
results in considerably lower computational complexity than methods developed earlier.

2.3: I have proposed the multi-rate approach for modeling the force-pressure transfer func-
tion of the instrument body. In the lower part of the audible frequency range the body
is modeled by a high-order filter running at one fourth or one eighth of the sampling fre-
quency, while for high frequencies a low-order filter approximates the body response. The
method requires significantly lower computing power compared to traditional filters, while
the degradation in sound quality is marginal.

Statement 3: I have developed a comprehensive model for the nonlinear vi-
bration of metal strings that can be efficiently used for sound synthesis. The
model takes into consideration the coupling of transverse and longitudinal po-
larizations.

3.1: I have introduced a classification for the nonlinear behavior of strings, which estimates
from the physical parameters of the string and from the amplitude and frequency content
of the transverse vibration which phenomena dominate the vibration. This “nonlinearity

map” clearly shows the similarities and differences between the various cases.

3.2: I have determined the closed solution for the nonlinear differential equation of the
string for the case where the tension on the string is spatially nonuniform, but the variation
of tension has a negligible effect on the transverse vibration. This approximation is valid
for highly stretched metal strings used in most string instruments. The proposed modal
model describes the free vibration of longitudinal modes and the generation of phantom

partials jointly.

3.3: I have derived a relationship between the modal model and the uniform tension ap-
proximation by decomposing the tension into a spatially uniform and a space-dependent
part. I have shown that the spatially uniform tension approximation, which is the most

widely used approach, is a special case of the proposed modal model.

Statement 4: I have extended the most common types of physical string models
by making them capable of modeling the longitudinal vibrations, too.
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4.1: I have proposed various composite string models where the response for longitudi-
nal modes is calculated by nonlinearly excited second-order resonators. For computing
the transverse vibration, both the finite-difference and modal-based approaches are ap-
propriate. The method is capable of modeling the bidirectional coupling of transverse
and longitudinal polarizations. The proposed models require significantly lower computa-
tional cost than the techniques that compute both polarizations through a finite-difference
scheme.

4.2: 1 have shown that dispersive digital waveguides cannot be used for computing the
excitation force of the longitudinal polarization in their original form. The problem can be
avoided through distributing the dispersion filter, at the expense of increased computational
complexity.

4.3: I have proposed "physically informed" techniques for modeling the longitudinal vibra-
tion, which are even more efficient than the above proposed ones. These use a physics-based
transverse string model extended by a signal model whose parameters are computed from
the physical parameters of the string.
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Appendix

A.1 Parameter Dependence of Nonlinear Components in String
Motion

Here we outline the derivations of Eqs. (5.6)—(5.8) included in Sec. 5.1. We assume that
only the transverse polarization is excited by the excitation, while the longitudinal polar-
ization gains energy from nonlinear coupling. Therefore, the amplitude dependence of the
nonlinear components is written as a function of transverse slope dy/0x.

From Eq. (5.5) it follows that the linear transverse component (the component which
would arise if the string was ideal) of the bridge force F} ji, has the magnitude

[ Fipinl| = To

a &

where the Euclidean norm (root mean square value) of the transverse slope at the termi-
nation (x = L) is referred as ||0y/0z||.

Equation (5.2) shows that the magnitude of longitudinal vibration depends on the
transverse slope according to a square law. The force at the bridge (see Eq. 5.4) has
the same behavior, as it is the sum of a term linearly depending on 9¢/0x (which is a
second order function of dy/0z) and a term having square law dependence on Jy/0x.
The magnitude of longitudinal vibration does not depend on ES, as both the nonlinear
excitation force and the restoring force are proportional to ES in Eq. (5.2). However, the
appearance of the longitudinal string motion in the bridge spectra has a linear dependence
on ES, as can be seen in Eq. (5.4). Thus, the magnitude of longitudinal force at the bridge
||F1|| is approximately described by

2
Il ~ies| |32 (A2)

where C is a constant in the order of unity, which depends on the type of string excitation.
Note that we have assumed that the longitudinal motion is so small that it has no influence
on the transverse vibration.

In Eq. (5.3) the first term on the right-hand side is the dominant restoring force, leading
to the well known string motion. The next term is a nonlinear forcing term, which adds
some new components to the transverse vibration. The magnitude of this force is a third
order function of the transverse slope, as the longitudinal slope 0§/0z is the second-order
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function of dy/dx. As for the force on the bridge, these excited nonlinear components ap-
pear through the first term —7(0y/0x (already filtered by the string dynamics) in Eq. (5.5)
and directly through the next term, which is again a third order function of dy/dz. The
significance of the nonlinear forcing term increases as a linear function of ES in Eq. (5.3).
This nonlinear component appears as a linear function of ES in the transverse bridge force,
too. As a result, the magnitude of the nonlinear transverse component can be approxi-
mated as a third order function of transverse slope:

3

1" (A.3)
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where C} is a constant in the order of unity. Again, we have assumed that the nonlinear
transverse component is so small that it can be neglected in comparison with the standard
linear transverse component.

Figure A.1 shows the Euclidean norm of bridge forces for the first 100 ms of simulated
struck piano strings, computed by the nonlinear string model of Sec. 6.4. Figure A.1 (a)
displays a string with the physical parameters pu, Ty, E, S, and L corresponding to a
(G1 piano string. Losses and dispersion are also included in the simulation. The dotted
lines show the approximate curves computed by Egs. (A.2) and (A.3) with C} = 0.25 and
C; = 10. These C) and C} values have been found to be also acceptable approximations for
other kind of excitations, such as plucking. The thick solid line shows the Euclidean norm of
the linear transverse bridge force. The magnitude of nonlinear transverse component (thin
solid line) is computed by subtracting the output of a linear string model from the output
of the nonlinear model. This component does not necessarily mean “new” components in
the spectrum, as it might correspond to the amplitude and frequency change of the already
present transverse modes. A good example for this is when the string tension is increased
due to the geometric nonlinearity, the transverse modal frequencies are also increased.
Finally, the dashed line displays the Euclidean norm of the longitudinal bridge force.

Figure A.1 (b) shows a simulation with the same parameters, except that the Young’s
modulus is increased by a factor of 100, corresponding to a loosely stretched string. It
can be seen that now the magnitude of the longitudinal component and that of the non-
linear transverse component reach the level of the transverse component at a much lower
transverse slope compared to Fig. A.1 (a).

Figure A.1 (a) and (b) demonstrate that the approximate curves follow the simulated
ones until the nonlinear transverse component reaches the level of the linear transverse
component. The reason for this is that the generation of the longitudinal motion draws
energy from the transverse vibration (which is not included in Egs. (A.2) and (A.3)), and
this energy leakage from the transverse motion starts to be significant only above a certain
level.

In the next simulation, all the parameters of the modeled piano string where fixed, but
the Young’s modulus FE was changed continuously. This corresponds to comparing strings
with the same fundamental frequency but being of different material. The value 10° of the
x axis corresponds to the E value of a G piano string with an (ES/Tp) ratio of 400. The
hammer excitation was set in a way that it gave ||dy/0z|| = 1072 in all the cases. The
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Figure A.1: Euclidean norm of simulated bridge forces as a function of the Euclidean norm
of the transverse slope ||dy/0x|| at the bridge: linear transverse force ||F; jin|| (thick solid
line), longitudinal force ||Fj|| (dashed line), and nonlinear transverse force ||F; nonlin|| (thin
solid line). The approximate values computed by Eqs. (A.2) and (A.3) are displayed by

dotted lines. Fig. 1 (a) has the parameters of a Gy piano string, while Fig. 1 (b) has a
100 times higher E value.

results are displayed in Fig. A.2, using the same line convention as in Fig. A.1. Figure A.2
shows that the nonlinear components are larger where E is larger at a fixed Ty, i.e., the
nonlinearity is more prominent at higher ES/Ty values. The qualitative explanation for
this is when the initial stretching of the string is small (T} is negligible in comparison with
ES), the change of the string length during vibration is no more negligible in comparison
with this initial stretching, leading to a significant variation in tension. On the other hand,
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Bridge force [N]

10

Relative change of E

Figure A.2: Euclidean norm of simulated bridge forces as a function of the Young’s mod-
ulus E: linear transverse force ||F} jin|| (thick solid line), longitudinal force ||Fi|| (dashed
line), and nonlinear transverse force ||Fy nontin|| (thin solid line). The approximate values
computed by Eqs. (A.2) and (A.3) are displayed by dotted lines. The value 10° of the =
axis corresponds to the E value of a G; piano string. The Euclidean norm of the string
slope at the bridge is fixed at ||0y/dz|| = 1073.

if the string is stretched significantly when it is mounted on the instrument (which is typical
for nylon strings), the length change during vibration will be much smaller in comparison
to the initial stretch.

It can be seen that the approximations of Eqgs. (A.2) and (A.3) are quite accurate, but
for lower E values the amplitude of the longitudinal component (dashed line) departs from
the theoretically predicted one significantly. This is because here the longitudinal modes
are excited at their resonance resulting in a larger longitudinal motion (see Sec. 5.3), which
is not covered in Egs. (A.2) and (A.3).

A.2 The Effect of Nonrigid String Terminations

Here we estimate whether the equations of Sec. 5.3 developed for rigid string terminations
are applicable for real musical instruments with finite bridge impedance (this Appendix
belongs to Sec. 5.3.6). Let us take a look at a special case when all the transverse modes
have the same length L + 0L, and the longitudinal modes have the length L. This cor-
responds to a bridge whose admittance does not depend on frequency and can only move
in the transverse direction. In this case L has to be substituted by L 4+ dL in Eq. (5.35).
The “sum terms” (m + n) in Eq. (5.35) will be of the form Cpsinfpraz/(L + 0L)], where
p = m + n. Note that these terms excite only longitudinal modes £ = p = m + n in the
case of perfectly rigid termination (§L = 0). For §L # 0, the excitation force originating
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from the term p is calculated as
L
. prx . krx
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where the notation d = L/(L + §L) — 1 has been choosen to simplify the derivations. For
d =~ 0, the sinusoidal functions can be approximated by their first order Taylor series (i.e.,
sinx &~ x):

L d d
Ferp(t)t = £C P b ] , (A.5)
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where the + sign is positive if p+ k is even, and negative if p+ k is odd. Note that the sign
has no real importance, as we are interested in the amplitude of the nonlinear components.
For d = 0 (which holds for a perfectly rigid termination L = 0), this expression is zero
for p # k and equals to £C,L/2 for k = p.

For d # 0 and p = k, we obtain

Fg,k,p:k(t)—‘r ~ iCpg |:g — 1:| s (A6)
which, for realistic d ~ §L /L values (d = 0.01..0.001), almost equals with the one computed
by assuming rigid terminations. This means that the amplitude of the dominant phantom
partial (which would be present for rigid terminations) is not changed significantly if the
termination is nonrigid.

For d # 0 and p # k, i.e., for the secondary phantom partials, which would not be
present for rigid terminations, we get

Ff,k,p;ﬁk(t) ~ iCpE p_k°’ (A?)
k- p
which is maximal for neighboring k£ and p values. For p =k + 1,
L LoL
F{,k,p:k+1(t)+ ~ :I:Cpgdk ~ Cp 4+ Efk; (A8)

This means that those terms which would excite mode k only for rigid terminations, excite
the neighboring modes k+1 and k—1 at a relative level k6 L/L compared to exciting mode
k. More distant longitudinal modes k + 2, k — 2, etc., are excited even less.

In practice, 6L/L = 0.01..0.001 for musical instruments. For the first longitudinal
mode, this means that the terms which are not included in Eq. (5.36a) are 40..60 dB lower
compared to the ones present in Eq. (5.36a). For k = 10, this difference reduces to 20..40
dB, but we can still state that the dominant terms are those included in Eq. (5.36a), which
was computed by assuming infinitely rigid terminations. For longitudinal modes with mode
numbers k =~ 100, these nonstandard components would have the same magnitude as the
theoretical ones in Eq. (5.36a), meaning that Eq. (5.36) is not valid anymore. However,
these very high longitudinal modes (around 100 kHz) are not excited effectively due to
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the band-limited excitation from the transverse vibration. Note that even if they were
effectively excited, they would be well above the audible frequency range. The same
derivations can be performed for the “difference terms” of Eq. (5.35), having the form
Cpsinprx /(L + dL)], where p = |m — n|, which give exactly the same results.



