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Abstract

Physics-based sound synthesis of musical instruments has seen growing interest in recent
years, as it allows for reproducing realistic and natural sounds while offering great flexibility
and minimal storage requirements. This research falls within the scope of the NEMUS
project, which is dedicated to the digital reproduction of the sound of ancient stringed
instruments using physical modelling techniques. Specifically, this work focuses on the
numerical simulation of nonlinear string vibration. Nonlinearities are a critical factor in
accurately replicating the sound of real-world instruments. Much of the recent literature has
employed energy-based methods to ensure algorithmic stability when nonlinear behaviour
is present, often resulting in fully implicit schemes requiring iterative root-finding methods.
While effective, these schemes are computationally expensive and introduce additional
complexities.

Recent developments in numerical analysis have, in some cases, enabled real-time
simulation of strongly nonlinear systems using non-iterative algorithms. However, several
challenges remain unresolved. This thesis aims to advance the use of finite-difference
time-domain and modal methods to address nonlinearities in string vibration, which capture
salient perceptual features. The emphasis is on the efficiency of the algorithms, while also
developing a framework for the sound synthesis of nonlinear strings.

The work begins with a comprehensive review of string models and simulation tech-
niques, covering both historical and modern approaches. Linear models are then used as a
starting point, allowing for the introduction of impedance-type boundary conditions. The
research then investigates typical nonlinear effects in string vibration, such as geometric
nonlinearities, collisions, and friction, using newly developed non-iterative approaches, in-
cluding quadratisation-based methods for conservative forces. These techniques significantly
reduce computation times, making real-time simulation feasible for most systems. However,
the quality of the simulations is still highly dependent on tailored discretisation choices.
The thesis concludes with two case studies that apply these methods to physical models of

musical instruments.
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Chapter 1
Introduction

This work fits into the context of the NEMUS project!, which is dedicated to the digital
reproduction of the sound of ancient stringed instruments. In particular, the major focus
of this thesis is the string, the basic sound production mechanism, or resonator, of these
instruments. Stringed instruments play a major role in music production in virtually every
culture and have been built for thousands of years. Therefore, countless types are available:
a comprehensive summary can be found in [94, 40, 50]. They are traditionally classified into
three main categories based on the primary method used to excite the string [173]: bowed
instruments, such as violins and cellos; plucked instruments, like the guitar and harpsichord;
and hammered instruments, including the piano.

Given the ubiquity of the string in music, it is unsurprising that, with the development
of sound synthesis in the mid-20" century, great effort was directed toward artificially
reproducing its sound. Particularly with the advent of digital sound synthesis, a great
variety of techniques were developed, which can be grouped into four categories [191]:
abstract synthesis, including FM and Karplus-Strong [124]; recording-based synthesis, such
as sampling and wavetable; spectral synthesis and physical modelling. Further details on
these approaches can be found in [171]. While sampling methods are undoubtedly the most
widespread nowadays, physical modelling has seen growing interest in recent years [25]. The
latter refers to a group of techniques that rely on the digital simulation of physical systems:
the core concept involves describing a specific musical instrument with a mathematical model,
resulting in a set of equations. Subsequently, suitable numerical algorithms are employed to
solve the models in real-time and produce sound. The appeal of these methods lies in the
extreme flexibility provided: the mathematical models describing the instruments depend on a
set of parameters linked to, for instance, the instrument’s geometry and materials. This allows

direct and (often) real-time control over the sound characteristics, something not available
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in recording-based synthesis. Moreover, the absence of recorded material implies that no
large storage capacities are needed. The downside of physical modelling is the significant
computational power required for the simulations, which can sometimes hinder real-time
processing. This challenge becomes particularly pronounced when dealing with mathematical
models that exhibit nonlinear behaviour, which is necessary for accurate reproductions of
real-world instruments’ sound. In NEMUS, where the focus is on faithful reproductions
of musical instruments, nonlinear systems play a major role, and state-of-the-art numerical
methods are required to simulate these models efficiently.

The work presented in this thesis is concerned with the numerical simulation of nonlinear
string models, whose vibration captures salient perceptual features. Particular attention is
paid to the efficiency of the algorithms, aligning with recent advances in numerical analysis
that, in some cases, have enabled real-time simulation of strongly nonlinear systems. Newly
developed numerical methods are adapted here to address nonlinearities of different kinds,
and various case studies are presented.

The rest of this introductory chapter overviews the most relevant string mathematical
models and the numerical techniques employed to simulate them. It begins by introducing
linear models and the most common simulation techniques. Subsequently, nonlinear effects
are described, and a thorough list of significant simulation works is provided. This exam-
ination covers historical and contemporary approaches, illustrating the evolution of string
simulation techniques and their applications in musical acoustics. Finally, the objectives and
structure of the thesis are outlined.

1.1 Linear string

Early scientific investigations on the vibration of strings can be traced back to Pythagoras,
who first related the length of a string to the pitch of the emitted sound. He also examined
the sound produced by strings of different lengths under tension, discovering that pleasing
results were obtained when the relative lengths were in integer ratios. Several centuries later,
Galileo formulated the relation between the number of vibrations per unit time (frequency)
to the pitch [Chapter 1][173]. The first mathematical model of string vibration had to wait
until the mid-XVIII century, when D’ Alembert, building on Taylor’s work [99, Chapter 2],
formulated the hyperbolic 1-D wave equation [133], representing the first ever example of
a partial differential equation (PDE) [222]. The wave equation remains important to this
day, beyond its historical relevance, as it serves as a crude model for string vibration and air

motion inside an enclosed tube. Moreover, it possesses a closed-form solution in the form
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of D’ Alembert’s travelling waves, and it may be solved exactly via numerical methods [24,
Chapter 6].

The wave equation alone is of little utility in musical acoustics, as it omits physical
aspects which lead to important perceptual features. In particular, stiffness is responsible
for the inharmonicity of the partials in the emitted sound, which is perceived as a widening
of the octaves [61], and helps mitigate the beating effect when multiple notes are played
simultaneously [101]. Assorted mathematical models for stiff strings are available in the
literature, relying on different levels of approximation. From a physical standpoint, a stiff
string is a beam under tension in the longitudinal direction; thus, the governing equations
are typically derived from beam theories. The most accurate models of beams available are
based on geometric arguments [19, 119] and offer a complete 3D description of the motion.
In musical acoustics applications, approximate theories are sufficient, typically obtained by
treating the effects along the cross-section globally [Chapter 3][104]. This is also called thin
beam approximation and is considered valid for wavelengths greater than the beam thickness
[169]. Four different beam theories were developed under this hypothesis: Timoshenko,
shear, Rayleigh and Euler-Bernoulli [109].

The Timoshenko model is the most complete of the four, describing both transverse
and shear waves, and it comes in the form of two coupled PDEs, which can be combined
into one single fourth-order equation. The other three models can be derived from this
one by introducing various simplifications. Different tests were conducted to validate the
model [62, 169, 197], and they reported agreement with experimental results, indicating the
validity of the Timoshenko model as a reference. On the other hand, the Euler-Bernoulli
model is the simplest of the four and, for this reason, has seen the most applications in
musical acoustics. It typically appears in the form of a stiffness term incorporated into the
1-D wave equation, a model referred to as "Euler-Bernoulli stiff string". This beam model
suffers from unphysical behaviour of the phase and group velocities, which are unbounded
at high frequencies [104, Chapter 3], an issue the Timoshenko model solves. The shear
model is derived from Timoshenko by neglecting rotary inertia, an approximation that holds
for musical strings, which are always fixed at both ends. This simplification retains the
asymptotic limits for phase and group velocities while making the model less complex than
the original. The Rayleigh model extends the Euler-Bernoulli theory by including an extra
term describing rotatory inertia. The last two models have had limited application in musical
acoustics. A broad review of these four beam theories, with a particular focus on musical
acoustics applications, can be found in [71]. It is reported that the Euler-Bernoulli model
exhibits little deviations from Timoshenko in the audible frequency spectrum, thus justifying

the popularity of the Euler-Bernoulli stiff string in musical applications.
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For realistic string simulations, loss cannot be neglected. In fact, the 1-D wave equation
is perfectly energy conserving, so a damping mechanism must be included. The crudest
model involves adding an extra term dependent on the string velocity, as per [24, Chapter
6]. This is referred to as "frequency-independent" damping term in the literature because it
leads to constant attenuation times across the entire frequency spectrum. This is not realistic
behaviour, as real strings exhibit complex decay profiles. As a first approximation, loss
increases with frequency. The earliest time-domain model capturing this effect, proposed
by Ruiz [179], relied on a third-order time derivative. However, Bensa later demonstrated
that this model is ill-posed and introduced a well-posed alternative incorporating a mixed
space-time derivative [18]. Experimental studies to measure the decay profiles of real strings
were conducted by Cuesta and Valette [60, 206]. In these pioneering works, the authors
develop a theory explaining their results by considering three damping mechanisms: air
viscosity, viscoelasticity and thermoelasticity. The loss characteristics provided here link the
decay times to the frequency and can be easily included in models expressed in the frequency
domain. In [67], Desvages develops a time domain expression of the Cuesta and Valette

model.

1.1.1 Simulation techniques

Early studies on the numerical simulation of string vibration in the context of sound synthesis
were conducted in the late 1960s by Ruiz and Hiller [179, 111, 112], who employed finite-
difference time-domain (FDTD) methods for numerically solving the 1-D wave equation. A
few years later, Bacon and Bowsher [10] expanded the model by including excitation with a
hammer and a frequency-independent damping term. Boutillon used a similar technique [35]
to test an improved piano hammer model.

In later years, the use of FDTD methods faced a setback due to the introduction, in the
1980s, of digital waveguide(s) (DWG) by Julius O. Smith III at CCRMA, Stanford University
[193]. This method was initially developed as a generalisation of the non-physical Karplus-
Strong synthesis technique [124], and, in its simplest form, it discretises D’ Alembert’s
travelling-wave solution through a pair of delay lines, requiring only bit-shifting operations to
update the state of the system [195]. Exploiting such unprecedented efficiency, DWG served
as the major building block of early synthesis techniques, allowing for real-time simulation
of strings, tubes and percussive instruments [194]. The extreme success of this technique
led to a patent filed by Smith and Yamaha, which formed the basis for the VL1 synthesizer.
Within this framework, the simulation of inharmonicity due to stiffness was achieved through
lumped all-pass filters [86]. Similarly, frequency-dependent damping effects were reproduced
with lumped filters placed at the end of the delay lines [18]. The Acoustics group at the
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Helsinki University of Technology made extensive use of DWG in the early 2000s, targeting
instruments such as the harpsichord [221] and the guitar [131]. A thorough collection of
works employing this technique is found in [220].

When applied to more complex systems, DWG methods have faced certain challenges,
such as modelling highly inharmonic systems such as bars [17]. Additionally, D’ Alembert’s
solution applicability diminishes when distributed nonlinearities are included into the model,
and closed-form solutions are generally unavailable for most physical systems, including
systems of interest for this work.

The interest in FDTD methods rose again in the 1990s, mainly thanks to improvements
in the computational capabilities of computer processors. This technique has a long history,
tracing back to the pioneering work by Courant, Friedrichs and Lewy [138] (see [201] for
further historical details), and the literature on the topic is vast [170, 137, 198]. The principle
is relatively straightforward: it involves discretising the spatial domain with a finite grid, on
which the numerical solution is defined, and then approximating the partial derivatives in
space through suitable discrete finite difference operators. Doing this results in a system of
coupled ordinary differential equations (ODESs), which can be integrated in time through
time-stepping methods. In spite of a conceptually simple approach, many complications arise
in musical acoustics. In turn, the designer often faces the challenge of balancing stability,
accuracy, and efficiency. Additionally, for realistic sound synthesis, one needs to resolve a
wideband frequency spectrum, and the local discretisation process introduces a fair amount
of numerical dispersion, especially toward high frequencies.

FDTD methods were systematically introduced in acoustics by Chaigne and associates
at ENSTA [47-49]. Their work on the piano was extended by Bensa et al. [18, 17] and
by Giordano through the addition of a soundboard model [102]. In the last years, the body
of work on this topic has been rapidly growing: since the textbook by Bilbao [24], FDTD
has become one of the standards techniques for physical modelling sound synthesis in
the academic environment (the industry has only recently begun to approach it timidly)
and several methods were explored [44]. The five years-long NESS project? represented
a flourishing laboratory for state-of-the-art research on the topic [25]. In her dissertation
[67], Desvages presents a two-polarisation vibration model of an Euler-Bernoulli stiff string.
Extensive work was conducted by Willemsen at the ME Lab, Aalborg University Copenhagen,
with a focus on real-time simulation [223]. There were also attempts to formalize a higher-
level framework for approaching this technique in the FAUST programming language [182,
199]. Most of the listed works focus on the Euler-Bernoulli stiff string model, which is

Zhttp://www.ness.music.ed.ac.uk/
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prominent in acoustics. Timoshenko beam vibration was simulated with FDTD methods
mostly outside the musical acoustics field, with some examples being: [72, 183, 132, 123].

In parallel with Chaigne and the ENSTA team, IRCAM-based researchers laid the foun-
dations of modal synthesis [2, 1, 151, 87]. This method exploits the Fourier representation
of signals, which describes the system’s solution as a superposition of an orthogonal set of
eigenfunctions, or "modes". In the modal synthesis strategy, the first step is to solve the
eigenvalue problem associated with the space variable to compute the mode shapes and
the related eigenvalues, the latter corresponding to the square of the system’s eigenfrequen-
cies. The model PDEs are then discretised in space by performing a projection onto the
set of modes, yielding a system of ODEs. This is then integrated in time with suitable
time-stepping methods, not dissimilar to those employed in a finite difference setting. This
synthesis technique presents several advantages. For linear models, the system of ODEs
that is obtained from modal decomposition corresponds to a bank of damped, uncoupled
oscillators. Aside from being extremely cheap to simulate, this may be integrated through an
exact time-stepping method [24, Chapter 3], presenting an advantage over locally defined
discretisation strategies, which suffer from numerical dispersion. Additionally, applying
refined frequency-dependent loss profiles, such as those by Cuesta and Valette [206], is direct
in the modal domain. The main drawback of modal synthesis lies in the computation of the
eigenfunctions, which for most systems is not straightforward: these are highly dependent on
the boundary conditions, and analytical solutions exist only in particular cases [148]. This
makes dealing with coupled systems particularly difficult; specifically, the implementation of
modular physical models such as those seen in [27] is not simple.

The modal expansions of the 1-D wave equation and the Euler-Bernoulli bar in musical
settings are detailed in [24, Chapter 6, 7] and [67]. A frequency domain simulation of the
linear string is utilised in [144] for simulating a Portuguese guitar, while [145] includes
inharmonicity into the model. For general modal synthesis frameworks, see [37, 209, 232].
Chabassier and Imperiale present the frequency domain representation of the Timoshenko
beam in: [45]. Outside the musical acoustics field, the main application of the modal
description of vibrating objects is in mechanical engineering. Assorted works on systems of
coupled beams are presented in [139, 65, 217, 114].

Applications are also found in industry: for instance, MODO BASS by IK Multimedia®
uses modal methods to simulate bass string vibrations, while Modus* from Physical Audio is

a synthesizer that employs modal strings and plates with nonlinear interconnections.
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A variation of this technique is the functional transformation method (FTM), developed
by Rabenstein and Trautmann [205]. Here, the modal expansion is performed through the
Laplace Transform to obtain point-to-point transfer functions.

The finite element method (FEM) [108, Chapters 5,6] sits somehow in between FDTD
and modal methods. It is commonly used in mechanical engineering because it easily handles
problems with complex geometries. Similarly to the previously described approaches (except
DWG), the goal is to discretise the spatial domain, to turn the model’s PDEs into a system of
ODE:s in time, that can be integrated with time-stepping methods. Instead of using a grid, the
solution is approximated here by a set of basis functions with compact support (elements),
typically polynomials in the 1-D case. The system is discretised through a projection onto this
basis functions, similar to what happens in the modal expansion. Unlike in modal analysis,
where basis functions are defined over the entire domain, FEM basis functions are defined
onto a subset of the domain, making the projection local.

This technique presents the same issues affecting FDTD methods: namely, efficiency,
stability and numerical dispersion. Yet, the possibility of choosing arbitrary shape functions
allows for simpler treatment of irregular shapes compared to FDTD methods. The downside is
that the mathematical procedure for discretisation is particularly involved. Thus, the process is
often run automatically by software, leading to a loss of control over the algorithm’s efficiency.
Consequently, FEM simulations typically focus on determining the modal frequencies and
shapes of the instrument rather than on sound synthesis. This is especially true for simple
problems such as the linear string, which can be easily discretised with FDTD methods
without losing control over efficiency. For this reason, FEM simulations of linear strings are
quite rare in the literature, with some exceptions: [11, 196, 66], the latter including time-
domain simulation. Lately, FEM analysis has been used together with modal synthesis to
automatically determine modal parameters of computer-aided design (CAD) models. Some
examples include: [149, 37].

1.2 Nonlinear string

As the amplitude of vibration of a string increases, nonlinear effects become more significant,
resulting in perceptually salient phenomena such as tension modulation [88], phantom partials
[58, 12] and whirling [122, 156, 178]. Tension modulation causes a downward pitch glide
due to increased tension from large amplitude motion, an effect not replicable by linear
systems where modes have fixed frequencies. Phantom partials are overtones appearing
at inharmonic frequencies, generated by the coupling between transverse and longitudinal

motion. Whirling is a three-dimensional effect resulting from the instability of nonlinear



8 Introduction

string motion, giving rise to beating sounds. Nonlinearities describing these effects emerge as
a consequence of large strains and are thus geometric, meaning that the nonlinear behaviour
of the string material is not considered here.

First studies on the problem of nonlinear string vibration were conducted by Kirchhoff
[127]. Later, Carrier [41] extended Kirchhoff’s work by formalising an equation of undamped
motion commonly referred to as the Kirchhoff-Carrier (KC) string [24, Chapter 8]. This
model considers a single transverse polarisation and negligible longitudinal motion, meaning
that tension is assumed constant along the string length. The equation resembles the 1-D
wave equation, with the difference being an additional term where the tension depends on
the squared string slope, average over its length. Thus, the primary nonlinear phenomenon
reproduced by this model is tension modulation, giving rise to pitch glide. A more subtle
effect introduced is a mild spectral enrichment, deriving from the mode coupling provided
by the nonlinear term, particularly in the case of finite impedance boundaries. Further details
can be found in [136].

Thanks to its simplicity, the KC equation has been widely used for analysing nonlinear
phenomena, particularly in the case of forced vibration. Notable examples include the works
by Oplinger [155], Miles [150], and Johnson [122]. Dickey proposed techniques for finding
analytical solutions [69, 70], while Murthy and Ramakrishna [153] extended the study to
double polarization, analysing non-planar motion and providing an analytical explanation for
the whirling behaviour observed in experiments. Anand [4] later included viscous damping
into the model. Investigations in a musical acoustics context include the works by Gough
[103] and Legge [136].

The studies above do not include stiffness effects. Woinowsky-Krieger [226] was the first
to extend the KC nonlinearity to the case of an Euler-Bernoulli bar, a model that continues
to be used in recent years [106, 55]. See [24, Chapter 8] for a musical case including loss.
Outside the musical acoustics area, extensive work on a Timoshenko-Kirchhoff beam was
conducted by Arosio [7, 8].

In the late 1960s, Narasimha [154], Anand [5] and Morse [152, Chapter 14] independently
developed a derivation of the KC equation starting from an exact 3-dimensional (3-D) model
of string vibration, taking into account longitudinal motion. As a matter of fact, the KC
equation is obtained by neglecting the coupling between longitudinal and transverse motion.
Although this assumption is generally incorrect due to the inevitable energy transfer between
these motions [174], it can be disregarded in certain cases for simulation purposes [12].

The exact 3-D model of string vibration is commonly referred to as geometrically exact
(GE) [46] or Euler-Lagrange [156] in the literature and can be related to the geometrically
exact theory of beams [19, 119]. It describes the motion of a perfectly flexible string,
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including longitudinal motion and two polarisations for the transverse motion, thereby
accounting for variations in tension along the string length. In many practical cases, the
double transverse polarisation is restricted to planar vibration [24, Chapter 8], removing
the whirling effects altogether. The longitudinal modes contribute significantly to the string
sound [13]. Moreover, the motion coupling creates vibration modes at frequencies that
are not merely multiples of the fundamental, as in the KC case: these depend on the sum
and difference of the longitudinal and transverse base frequencies [58, 12], resulting in the
so-called phantom partials appearing at inharmonic intervals. It should be noted that a recent
study [172] identified production of phantom partials in the structural components of the
piano. However, the relative contributions of harmonic distortion introduced by the string
and the structure have yet to be compared. The GE string model was the subject of many
works, such as [156, 178]. Kurmyshev [129] and Leamy [134] extended the study to include
material nonlinearities. A classic mathematical derivation can be found in the book by Morse
and Ingard [152, Chapter 14]. As in the KC case, adding stiffness to the model is quite direct,
as shown in [78] for the Euler-Bernoulli and in [43] for the Timoshenko models.
Approximated forms of the GE string are commonly derived through a Taylor expansion
of the nonlinear potential, thus simplifying the model. The standard form by Morse and
Ingard [152, Chapter 14] truncates the Taylor series to the fourth order. In [13, 14], Bank
employed third-order approximations while truncating at the second-order decouples the
motion, resulting in the 1-D wave equation for both longitudinal and transverse motions.
The first two approximations exhibit an unphysical issue: the associated Hamiltonian is not
positive definite and therefore unbounded [23]. Anand’s form [5] is correct up to the third
order. It is derived from the fourth-order approximation by truncating an additional term;
however, it ensures energy conservation. Detailed justification for this approach is provided
in [23], [24, Chapter 8]. Note that Chabassier [42, 46] points out that this latter form does not
fulfil the hypothesis of weak degeneracy, as per [200], and is therefore theoretically unstable.
However, no instability has been observed in empirical studies, and numerous works are
based on this model, as discussed later in this chapter. The approximated forms of the GE
string will be referred to here using the generic term Morse-Ingard (MI) strings, while the

third order approximation as per Anand will be called simply "Anand’s" model.

1.2.1 Numerical simulations
Kirchhoff-Carrier

Unlike in the linear case, analytic solutions are unavailable for nonlinear string models.

Therefore, methods that rely on the discretization of solutions, such as DWG, cannot generally
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be extended to handle nonlinearities accurately, the only exception being the pitch-glide
effect. Between the 1990s and the 2000s, extensive research focused on simulating tension
modulation using DWG. In [162], Pierce and Van Duyne employed a delay line terminated
by a double nonlinear spring. Researchers from the Helsinki University of Technology
explored both lumped [208, 203, 89, 88] and distributed [159, 160] structures of all-pass
filters. Additionally, they developed a technique [88] to replicate the spectral enrichment
effect caused by finite impedance boundaries terminations in the KC string model, although
this approach is considered unphysical [160].

One of the earliest numerical simulations of the KC string was conducted by Gough
[103], though the specific numerical technique employed was not detailed. Pakarinen
[160] developed a FDTD-based solver to compare with DWG. However, since stability was
not his primary focus, the detailed algorithm is explicit and thus highly unstable. Bilbao
[31],[24, Chapter 8] systematically explored FDTD methods, placing significant importance
on stability. In fact, classic frequency-based techniques, such as Von Neumann analysis
[198], do not apply to nonlinear problems; instead, different methods can be used, which
typically rely on the conservation of a numerical quantity with the dimension of energy.
These are usually commonly called "the energy method" [170, 107]. Recent works include
GPU-based simulations to achieve efficient computation [29]. More recently, a version of the
KC string terminating in an energy-storing boundary condition was proposed, solved using
an efficient, newly developed numerical method [82].

Though feasible, modal methods face certain limitations when treating nonlinear prob-
lems, and alternative techniques, such as Nonlinear Normal Modes [126], come into play. In
fact, the standard procedure in this case is to project the nonlinear equations onto the eigen-
functions of the corresponding linear problem [83]. This way, the resulting ODEs system is
usually densely coupled, and efficiency is thus greatly impaired. Nevertheless, due to the
spatial invariance of its nonlinearity, the KC string model is well-suited for modal simulations,
as showed by Bilbao [22], [24, Chapter 8]. Researchers from NOVA University in Lisbon
have extensively employed this modal formulation, for instance, in the context of guitar
modelling [64]. In recent years, the same authors carried out substantial research on modal
systems, comprising KC strings, using the Udwadia-Kalaba formulation [6, 63, 121, 92].
The FTM has also been employed: [204].

FEM simulations of the KC string are relatively rare due to the simplicity of the nonlinear
term. Chabassier and Joly [46] described a method for discretising generic nonlinear Hamil-
tonian systems of wave equations that applies to the GE and its approximations. Recently,
Roze et al. presented a model in port-Hamiltonian form [177]. Further information on

port-Hamiltonian systems (PHS) can be found in [84, 210].
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Other techniques have been employed: researchers from IRCAM-Sorbonne have made
significant investigations using Volterra series [116, 176, 175]; so-called energy estimation
methods have also been developed [9], and recent trends include the use of neural networks
[185].

Morse-Ingard

Taylor approximations of the GE string have found extensive applications in sound synthesis
due to their simplicity and lower computational cost compared to the full model. Bank
conducted significant research on this topic, focusing on piano simulation [12]. To enhance
computational efficiency, he often considered the coupling from transverse to longitudinal
motion only, ignoring the reverse. In this approach, the transverse motion is represented
by a linear stiff string, while the longitudinal motion is in the form of a 1-D wave equation
with a nonlinear forcing term deriving from the transverse waves. The paper [13] proposes
two algorithms: one models transverse vibration with DWG, and longitudinal vibration
with FDTD methods. The second one, more efficient, reproduces both directions of motion
and phantom partials using three DWG in parallel. In [14], a full FDTD integrator for the
third-order MI string is introduced, featuring bi-directional coupling and hammer excitation.
However, stability concerns due to the high wave speed of the longitudinal motion lead to a
very high sampling rate, making real-time computation impractical. To address this issue,
the longitudinal vibration is modelled as a bank of uncoupled modes excited by transverse
motion. The work presented in [15] is based on Anand’s form: the transverse and longitudinal
vibration are simulated with modal synthesis, neglecting bi-directional coupling. The same
technique is employed in [16] for developing a real-time piano synthesizer.

Extensive investigation on FDTD methods for MI strings was conducted by Bilbao,
focusing particularly on the stability of the numerical schemes through discrete energy
conservation. In [23], he introduces interleaved algorithms tailored to different approximation
levels of the MI string in a state-space (transmission line) form. The textbook [24, Chapter
8] presents various schemes for Anand’s model, each with distinct properties. Notably, a
solution to the issue of high longitudinal motion wave speed, previously identified by Bank,
is here introduced, employing separate grids for the longitudinal and transverse waves and
interpolation to couple them.

The latter model has served as the basis for many recent studies. For instance, it is used
in [79] by Ducceschi et al., incorporating a shear correction for stiffness, in the context
of collision simulations. In [75], it is applied to simulate a prepared piano, while [135]
proposes a GPU acceleration, although it does not appear to achieve significant performance

improvements.
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A solver based on FEM is proposed by Chabassier in [46], where a comparison is

conducted between the results obtained with the GE and Anand’s models.

Geometrically exact

The most comprehensive body of work on the GE string in the context of musical acoustics is
attributed to Chabassier [42], who systematically studied it for piano simulation, modelling
a full system including the hammer, the string, the soundboard and sound radiation. The
string employed by Chabassier includes a GE nonlinear potential, with a stiffness term as per
Timoshenko and double vibration polarisation. Damping is modelled using the frequency-
dependent formulation from [18], with coefficients obtained through fitting measurements
[43]. The equations are discretised in space with FEM. In [46], a new class of pseudo-
energy-conserving time-stepping schemes is developed, applicable to a category of problems
termed "nonlinear Hamiltonian systems of wave equations," which includes the GE and MI
string models. The time integrators are fully implicit and solved using Newton’s method.
Given the complexity, the focus is not on efficient computation; thus, to address the issue of
different wave speeds for longitudinal and transverse motion, the former is modelled with
a parametrized theta-scheme, allowing for relaxing the stability condition by making the
linear part implicit as well. More recently, Marazzato et al. proposed an explicit solver for a
FEM-discretised GE model [143].

Extensive work on this topic has been conducted by Bilbao and Ducceschi, with a focus
on efficient computation. In [73], the system is integrated in time with a recently developed,
linearly implicit, energy-conserving time-stepping method. In [78], the GE string in single
polarization is discretised by making use of FDTD methods for the transverse part and modal
methods for the longitudinal part. This is to avoid sampling rate issues due to the different
wave speeds. In [26], both motion directions are discretised with FDTD methods, and
time integration is performed with a state-of-the-art, explicit numerical scheme, achieving
real-time computation. The same model is combined with nonlinear hammer excitation in
[77]. However, despite the computational efficiency achieved by these new numerical solvers,

some issues remain, as will be discussed later.

1.3 Other nonlinearities

The nonlinear effects discussed thus far are intrinsic to the models and influence the string
vibration in isolation. However, additional nonlinearities arise in musical acoustics due to the
interaction between the string and other components. Notably, collision and friction forces

play significant roles.
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1.3.1 Collisions

Collision modelling is a significant area within mechanics, with numerical simulations
applied across various disciplines [228]. In musical acoustics, collisions are vital in sound
production of many instruments. In stringed instruments, examples include hammer strikes
in pianos [35, 48, 49, 34, 14, 15, 43] and clavichords [202]; interactions between strings
and fingers [68]; string-fretboard contacts [33, 90, 91, 117, 118]; string-slide contacts [20];
string-string contacts [158]; and string-bridge contacts in Indian instruments [207, 213, 36,
142, 211, 190, 219].

Some of the earliest studies in musical acoustics are attributed to Raman in the 1920s,
who investigated hammer excitation [167] and the collision of strings against obstacles, a
problem particularly relevant to Indian string instruments [166]. Other notable historical
works include studies by Barghava [21] and Ghosh [100] on piano hammers, as well as
research by Amerio [3] and Burridge [39] on string collisions against rigid obstacles.

The main challenge in collision modelling is detecting interactions between objects
based on their geometry and calculating the resulting forces. Objects can be modelled as
lumped, such as piano hammers, or as fully distributed in space, such as the string-fretboard
interaction. Two primary mathematical models are generally employed. The first describes
rigid contacts and has been widely used to describe string collisions with obstacles using
various techniques; examples are: [39, 168, 128, 125, 219, 190, 117, 63, 121]. The second
model, known as the penalty method, allows for interpenetration between objects [34]. This
approach involves a one-sided power law [113] and is modelled through a suitable potential
function [161], based on Hertz’s contact formulation [110], which can be extended to include
collision-induced losses [115].

The penalty method has recently become increasingly popular in sound synthesis, with
different numerical simulation techniques being employed. Researchers have concentrated on
creating stable time-stepping schemes, frequently using energy-based approaches. Important
contributors in this area include van Walstijn, Chatziioannou, and Bilbao. Notable studies
have used FDTD methods [52, 32, 53, 34, 33, 79, 54, 51], modal methods [211-213], and
FEM [43, 42]. While these works primarily used fully implicit discretization, recent trends
have shifted towards linearly implicit or fully explicit methods [74, 75, 27, 81, 77, 175, 214—
216], aiming to improve computational efficiency, making real-time applications more
feasible.
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1.3.2 Friction: the bow

Friction in stringed instruments is predominantly associated with the bowing mechanism, a
central topic in musical acoustics for decades. Initial insights into bowed string motion were
made by Helmholtz in the 19th century [218], who observed the "stick-slip" phenomenon
first identified by Duhamel [Chapter 10][94], a behaviour now known as Helmholtz motion.
This motion occurs when the string alternately sticks to the bow (sticking phase) and then
slips across it (slipping phase) once per period, producing musically pleasing tones. In the
early 20th century, Raman developed a mathematical theory for bow-string dynamics, where
the friction force at a single contact point depends on the relative velocity between the bow
and the string [165]. Schelleng later expanded on Raman’s work, developing "Schelleng
diagrams," which depict regions in the bow force-bow position plane where musical tones
are produced [184]. Similarly, Guettler’s diagrams consider bow acceleration instead of bow
position [105].

It is common to consider point-wise excitation [81], though finite-width effects can
influence the string torsional motion [164]. The force is typically described by a characteristic
friction curve (a dimensionless quantity) as a function of the relative velocity between the
string and the bow. The simplest model is Coulomb dry friction, whose force magnitude is
independent of relative velocity. A more sophisticated model was developed by Smith and
Woodhouse through experimental studies of a mass on a rosin-coated conveyor belt [192].
Here, the friction force decreases with increasing relative velocity until it reaches a steady
value. This is sometimes called the "classical" friction curve [98], as it has been referenced
in earlier works by Friedlander [97], McIntyre and Woodhouse [146], and others. Galluzzo
proposed a modified version of Smith and Woodhouse’s characteristic friction curve, known
as the "reconstructed" friction curve, based on measurements of the force drop at the bridge
during the slip phase [98]. These friction characteristics often exhibit a discontinuity at zero
velocity, posing challenges during simulation. To address this, Bilbao has proposed a family
of smoother "soft" friction characteristics [24, Chapter 4], designed not on physical principles
but solely for simulation convenience.

The friction characteristic model effectively replicates various bowing phenomena, such
as Helmholtz motion, raucous motion, multi-stick-slip motion, and anomalous low-frequency
waves [67]. However, experimental studies have demonstrated that the mechanical prop-
erties of rosin vary with temperature [192]. To account for this, Woodhouse proposed a
friction curve that includes thermal exchanges, which allows the capture of the hysteretic
behaviour observed experimentally [227]. Despite these improvements, there are still some
discrepancies when this curve is compared to actual measurements [98]. Another class of
models has been developed to address the hysteretic nature of friction curves, incorporating
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the bristle-string interaction effects. These include the Dahl model, the LuGre model, and an
elasto-plastic model [85]. For a thorough review, see[186].

Early real-time simulations of the bowed string used DWG [194]. Later, Serafin imple-
mented an elasto-plastic model [187], and more recent applications include a finite-width bow
with hair dynamics and thermal friction [141]. Time-domain methods were also employed in
the early studies [147, 163]. Recently, Desvages [68, 67] utilized FDTD methods to simulate
a model incorporating two vibration polarizations, Smith and Woodhouse’s “classical” fric-
tion curve, and the interaction of the player’s finger within an energy-consistent framework.
However, this simulation did not achieve real-time performance. The first real-time FDTD
implementations of the bowed string, based on fully-implicit schemes, were developed by
Willemsen [224, 225, 223], whose research included the integration of elasto-plastic friction

models.

1.4 Thesis motivation & objectives

As previously mentioned, traditional frequency-domain techniques cannot be used to ensure
stability when nonlinear terms are involved, and much of the recent literature relies upon
energy methods to this end. These methods often result in fully implicit schemes, which
require solving nonlinear algebraic equations at every time step. Iterative solvers, such as
Newton’s method, are typically employed for this purpose. However, several issues arise,
especially in real-time simulations: the iterative process is computationally intensive and
inherently serial, often requiring multiple iterations per time step; the number of iterations
depends on system parameters, necessitating an arbitrary cap to control computational load
[51], and the existence and uniqueness of the numerical solution are not always guaranteed
[95].

Recent advancements in numerical analysis have enabled the simulation of certain
nonlinear systems using linearly implicit or explicit schemes. Linearly implicit schemes are
formulated as linear systems that must be solved at each time step, while explicit schemes
avoid linear systems solving completely and can be integrated through a recursion relation.

In a recent study, Marazzato et al. [143] introduced an explicit Hamiltonian integrator
that preserves numerical energy exactly for polynomial potentials. For general nonlinear
potentials, quadrature methods are used instead of exact integration, leading to an approxi-
mate conservation of pseudo-energy. Furthermore, when the energy of the model system is
non-negative, conditions for numerical stability do not immediately follow.

When the nonlinear potential energy is bounded from below, it can always be expressed

as the square of a function. Building on this concept, three methods were recently proposed



16 Introduction

based on energy quadratisation. The first, proposed by Lopes, Hélie and Falaize [140],
within the context of PHSs is obtained when one of the state variables is substituted by
a quadratised one in the expression for the energy. Thus, the number of variables to be
solved for remains unchanged. Though compact, this form does not apply to non-invertible
potentials, and multivariate potentials are also not easily treated in this framework. In
spite of this, the technique has been successfully applied to audio circuit modelling [93]
and the KC string [175]. Two other frameworks have been developed in the context of
gradient flows for diffusive systems. The invariant energy quadratisation (IEQ) method
[229, 230, 233] performs a quadratisation that results in one added state variable compared
to the original system. While this extra state variable must be solved for, the framework can
handle non-invertible potentials and straightforwardly address multivariate cases. Finally, the
scalar auxiliary variable (SAV) method was introduced [188], where the nonlinear energy is
treated as one single scalar rather than a distributed potential density. This approach allows
for fully explicit solvers when specific matrix structures [189] are exploited [26, 77, 28].
The IEQ method has been applied to collisions problems, both lumped and distributed
[74, 75, 27, 81, 215], as well as to the GE string model [73, 78]. Similarly, SAV has been
used in the context of collisions [77, 214, 216, 30], and geometric nonlinarities [26, 77].

In the case of non-conservative forces, such as friction and damping, there is no nonlinear
potential to quadratise, rendering the previously discussed methods inapplicable. However, a
different approach was recently introduced within the context of virtual-analogue models
[80, 76], allowing for a linearly-implicit solving procedure for systems including nonlinear
forces depending on the first derivative of the state variable.

Despite the advancements introduced by these new approaches, several critical issues
remain unsolved. Both IEQ and SAV have exhibited unphysical behaviour in certain context,
notably in collision modelling [74]. While a solution was proposed within this area [216]
after the beginning of this research, a comprehensive investigation of the performance of these
methods in nonlinear string modelling is still lacking. Furthermore, the stability properties
of the non-iterative method designed to address non-conservative forces have not been fully
explored or understood [76]. The primary objective of this thesis is to advance the use of
FDTD and modal methods to effectively address nonlinearities in string vibration. The
newly developed techniques will be tested with a focus on utilizing the structured update
matrices they produce to develop highly efficient algorithms. Furthermore, contrary to
classic numerical integrators, quadratisation-based methods provide a versatile discretization
approach, allowing the same numerical procedure to be applied across different nonlinear
systems. Therefore, part of this work is dedicated to developing a general framework for

nonlinear sound synthesis. Additional emphasis will be placed upon incorporating refined,
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finite-impedance boundary conditions into the string models to simulate the interaction
between the string and other components of the instrument, such as the bridge.

As previously mentioned, the energy method has become a standard in physical modelling
over the past few decades. Ensuring numerical stability a priori is especially crucial for
real-time models, as it guarantees that the virtual instrument will not "blow up" during
operation. Moreover, monitoring numerical energy can serve as an effective debugging tool
to detect sources of error. However, in the case of nonlinear systems, stability is insufficient
to guarantee that the solution will converge to the exact one: convergence is the property
guaranteeing that, as the sample rate increases, the numerical solution approaches the exact
analytical one. In linear systems, stability and convergence of the numerical scheme are
linked through the Lax-Richtmyer theorem [198, Chapter 10]. However, this does not hold
for nonlinear systems, meaning a stable scheme may still produce incorrect results. Therefore,

this study will particularly focus on testing the convergence of these numerical algorithms.

1.5 Thesis outline

This work is organised into eight chapters. The main research contributions are presented in
Chapters 4, 5, 6, 7, and are summarised in the conclusions. A companion GitHub repository
with code and audiovisual examples is available online”.

Chapter 2 introduces linear equations, starting with a discussion on generic ODEs and the
concept of potential quadratisation. It then presents the linear oscillator equations, followed
by coupled mass-spring systems. The discussion extends to the distributed case, covering
the ideal string and incorporating bending stiffness, loss, and forcing. The modal expansion
is then developed for both string models, including a lumped finite-impedance boundary.
Finally, a model of a stiff string with a spatially distributed boundary is presented.

Chapter 3 describes numerical techniques, starting with time-domain methods applied to
the linear oscillator and introducing the concepts of accuracy, consistency, and convergence.
Next, the finite difference method for spatial discretisation is presented and applied to both
ideal and stiff strings. Finally, finite difference schemes for both models are introduced, and
the numerical eigenfrequencies and eigenvectors for the stiff string with a spatially distributed
boundary, as presented in Chapter 2, are derived.

Chapter 4 discusses geometric nonlinearities. It begins with the lumped case study of the
Duffing oscillator and then extends to the GE string. From this, MI string models are derived,
concluding with the KC string model, which is also presented in the modal domain and with
double vibration polarisation. Quadratised numerical methods are introduced here in the case

Shttps://github.com/Rickr922/phdThesis-companion
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of lumped and spatially distributed systems. These are then applied to systems of interest,
with illustrative results. Additionally, a technique for limiting an unphysical behaviour of
these quadratised methods, based on a physical constraint, is introduced.

Chapter 5 address collision problems. The mass-barrier collision is first examined, and
various quadratisation-based methods are compared. The constraint technique introduced
in Chapter 4 is adapted for collision scenarios. Subsequently, lumped and distributed
collisions in strings are explored, focusing on finger/hammer-string and string-fretboard/frets
interactions, which are solved using quadratised numerical methods. Additionally, the
constraint technique is extended to handle distributed collisions.

Chapter 6 examines nonlinear friction induced by a bow. It begins with a case study
of a bowed mass-spring system, introducing a numerical method that enables solving non-
conservative nonlinear problems without iterative techniques. The discussion then extends
to the ideal string. For both lumped and distributed cases, comparisons are made between
traditional iterative methods and the newly introduced approach.

Chapter 7 illustrates the application of the models presented in previous chapters to the
physical modelling of musical instruments. This chapter corresponds to two papers presented
at the International Conference on Digital Audio Effects (DAFx): [30] and [181]. Finally,

Chapter 8 concludes the dissertation.



Chapter 2
Linear vibration

The physical models presented in this work are formulated using (systems of) differential
equations, which describe the relationships between one or more unknown functions and
their derivatives, defined over specific space-time regions with given boundary conditions.
Specifically, ordinary differential equations (ODEs) involve functions of a single variable, and
since this work is centred on vibrations, they are assumed to be dependent on time. Partial
differential equations (PDEs) involve functions of multiple independent variables: here,
they describe systems distributed in space and their evolution over time. This chapter first
introduces generic ODEs and the concept of potential energy quadratisation: a fundamental
aspect of so-called quadratised methods. The discussion then narrows to linear models,
which are valid for small-amplitude vibrations. It begins by describing lumped systems
and ODEs, including single oscillators and systems of coupled oscillators. These systems
serve as fundamental building blocks in musical acoustics. In fact, distributed oscillating
systems can be approximated as coupled or uncoupled oscillators after spatial discretization,
an essential concept in modal methods. Following the discussion on lumped systems, the
chapter continues to distributed systems, introducing linear string models. Part of the content
is based on the textbooks by Bilbao [24] and Meirovitch [148].

2.1 Time-dependent ODEs

Consider a function u(t) : Rj — R, representing the displacement of a lumped object of
mass m at time t. Here w is assumed to be sufficiently smooth, meaning it is differentiable
multiple times, with all derivatives being well-defined and bounded over the positive time
axis t € R . Furthermore, the mass m is treated as constant throughout this text. The object
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is subject to a force given by:
dVv

4

where V = V(u) : R — R{ is a generic, differentiable potential function, assumed to be

F= (2.1)

non-negative, a natural choice in most musical acoustic applications. This may be further
generalised by considering the potential to be bounded from below; however, non-negativity
will be adopted here for simplicity. According to Newton’s second law, the equation of

motion can be expressed as: )
d*u dV
M T T an (2.2)
This equation is an example of an autonomous ODE, meaning there is no explicit dependence
on the independent variable ¢. Thus, the equation is time-invariant. To solve this problem
means finding a function v that satisfies the differential equation. Because this is a second
order ODE in time, a unique solution can only be found by specifying two initial conditions:

the initial displacement and velocity. This forms an initial value problem (IVP):

du

T = 7. (2.3)

u(0) = o,
Note that, to ensure the uniqueness of the solution, the ODE must satisfy appropriate
Lipschitz continuity conditions, which are assumed to hold here (see [137, Chapter 5] for
more information). Before proceeding, it is helpful to list some useful derivative identities
that will be employed throughout this text:

du v d (1 (du\’

dvdiu _d 1 fdu 2.4
dat de — at (2<dt>)’ (242)
du d /1,

du 5 d /1 4>

— = = Zud). 2.4
at dt<4“ (2.4¢)

2.1.1 Energy analysis

As anticipated, this text will heavily rely on energy arguments to verify the stability of
physical systems. To illustrate this approach, it is beneficial to demonstrate the process
referred to here as energy analysis. The procedure begins by multiplying the equation of
. . du .« . .
motion (2.2) by the velocity {/, obtaining:
dud®u  dudV B

m——-+

—— =0. 2.
dt dt2  dt du 0 25)
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dV du
du dt

d (m (du)?

The expression within the derivative represents the system energy or Hamiltonian and can be

Applying the identity (2.4a) to the left-hand side and using the chain rule % = on the

right-hand yields:

interpreted as a sum of kinetic and potential energies:

H—73992+V 2.7)
o2 \dt ' '

An equation of the type (2.6) is called here energy balance because it describes the variation
of the system energy over time. In this case, the energy is conserved, and the value is

determined by the initial conditions:

Hy=—24V, H({)=HVt (2.8)

Energy conservation is a fundamental principle in physics, and it must be verified for any
system of equations describing physical systems. A system in which energy is conserved
is referred to as conservative. If a loss mechanism is included, energy should decrease
over time, and in this case, the system is described as dissipative. Throughout this text,
both conservative and dissipative systems will be collectively referred to as passive systems,
meaning that no spontaneous energy production takes place in the system.

Energy conservation alone is not sufficient to ensure the stability of the system at hand. In
fact, the non-negativity of the energy is crucial, as it leads to the boundedness of the solutions.
The kinetic energy is inherently positive, and the potential was assumed to be non-negative.
Then the following inequalities hold:

2
m (du
o< — [ — < H, 0<V<<H,. 2.9
_2<dt>_0’ <V < H, (2.9)

Examining the kinetic term, one has:

2

dt

[oH
<[22V (2.10)
m

which shows that the velocity is always bounded in terms of the initial energy. If V is radially

2 \dt

unbounded, meaning V — +o0 iif |u| — +00, a bound on |u| may be derived as well, and
the system is said to be stable, meaning that the solution will not experience infinite growth.



22 Linear vibration

2.1.2 Potential energy quadratisation

If the potential V is non-negative, an auxiliary variable may be defined [28] as:
v EV2V, (2.11)

and the equation of motion (2.2) becomes:

du d
mSr = (2.12)

Furthermore, applying the chain rule yields:

dy  dydu
—_— = —— 2.13
dt  dudt @.13)
Then, one may define:
dvy 1 dVv
£ T _— 2.14
and equation (2.2) can be re-written as a system of two equations as:
d?u dv du
— = —1g; — =g—. 2.15

Formulating an IVP now requires an additional initial condition for the auxiliary variable,
1(0) £ . The concept of potential quadratisation is fundamental to the IEQ and SAV
methods. Indeed, if g is known at any time instant, equations (2.15) are linear in u and 1),
regardless of the form of g. As will be shown later, this system can be efficiently integrated

using numerical methods.

2.1.3 Potential splitting

In many cases in musical acoustics, the expression for the potential energy can be written in

the form of a quadratic potential plus a nonlinear contribution:

_ Ku?

V(u) 5

+ ¢(u), (2.16)

with K € R and ¢(u) > 0. One can then quadratise only the nonlinear part by defining:

v2 /20, (2.17)
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u(t)

o\

m K

Fig. 2.1 Mass—spring system, with a mass m and a spring of stiffness /. The displacement
u(t) is measured about an equilibrium distance (marked as 0).

which is well-defined thanks to the non-negativity of ¢. This results in the system of

equations:
WU e du 1 dg
ar - oo T YT edu

As will be shown subsequently, this approach allows the linear and nonlinear parts to be

(2.18)

treated with different numerical methods, thereby offering greater flexibility in numerical
method design. In this chapter and the following one, the nonlinear part is assumed to be
zero, as the focus is on linear systems.

2.2 Simple harmonic oscillator

Equation (2.18), in absence of the nonlinear potential g, is found in many physical systems;
one example is the mass-spring system is illustrated in Figure 2.1. Here, u(t) represents the
displacement of the mass m from the equilibrium point in m, and K is the spring’s constant,
measured in N/m. Dividing the equation by the mass m (assumed constant) yields a general
model for undamped harmonic motion:

d2
d—;j S_— (2.19)

This is an equation of a simple harmonic oscillator (SHO). Here, wy is the natural frequency,
or angular frequency of the oscillator in radians per second, related to the frequency fj in
Hertz by wy = 27 fy. It is well known that this particular ODE admits an analytic solution in
various forms. When initial conditions g and v, are specified, all yield the same result. The

analytic solution, denoted here with u, can be expressed as:

u(t) = Acos(wot) + Bsin(wpt), Ay = uyg, By = il (2.20)
Wo
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Alternatively, a phase-shifted form is:

B
_ o o o 1 _ 0
u(t) = Cocos(wgt + b)), Coy = /Ay + By, Vo = tan < n ) ) (2.21)

0
Another useful expression for the solution is in complex form:

u(t) = el + a_e 70t (2.22)
with @, ,4_ € C. Then, following Euler’s formula:

u(t) = Gy [cos(wot) + j sin(wot)] + G [cos(wpt) — 7 sin(wot)]

. ] (2.23)
= (G4 + 4_) cos(wot) + j(t4 — @) sin(wpt).
By remembering the initial conditions «(0) = ug and vy = d“d(to) and inserting them into
(2.22) one gets:
Uy = @+ + lAL_, Vg = —ijﬂ+ + ijﬁ_. (224)

Thus, the constants 4 and #_ are complex conjugates. Substituting these expressions into
equation (2.23) yields (2.20).

The energy analysis is again conducted by multiplying equation (2.19) by the velocity %.
Then, by means of the identities (2.4) one gets:

d (1 [(du)\® wiu?
— (= = 2.2
d (2<dt> M ) ! (@25)

The expression within the parentheses does not yet have the dimension of energy. To get the

total energy of the system, multiply by the mass m, obtaining:

2 2
d m (du) Ku (2.26)

—H =0 H=—|—

dt ’ 2\ dt 2
Note that this step ensures the correct dimensionality of energy but is unnecessary for stability
analysis, as the mass is a positive constant. The balance (2.26) leads to energy conservation.
The system’s velocity is bounded by the kinetic energy, following (2.10). Additionally, a

bound on the solution size derives from the quadratic form of the potential:

u(t)] < ,/2?’ 23 (2.27)
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2.2.1 First-order form

It is useful to express the oscillator in first-order form. To this end, a change of variables is
necessary. For oscillators with constant mass and stiffness, the generalised coordinates ¢ and

p take the form:
q=wu, = ‘::. (2.28)
Here, p represents the momentum normalised by mass, with the dimensions of velocity. Now,
one may substitute the expressions for p and ¢ into the quantity between parenthesis in (2.25),
obtaining:
2 2

p q

H(q,p) = 5t (2.29)

which, as (2.25), has the dimension of energy divided by mass. Equation (2.19) becomes:

dx
— = JV,H. 2.30
dt v ( )

The system state x and the matrix J are expressed as:

0
x = H )= { “’”] , 2.31)
P —wy 0
: . Iy
and the gradient with respect to the state has the form V, = NE Thus:
P
VxH = x. (2.32)

Note that, when defining the gradient, the notation for partial derivatives used throughout the
text was introduced: the n-th order partial derivative with respect to the variable « is here
denoted as 0..

An energy balance can be obtained by left-multiplying (2.30) by VH. Since J is skew-

symmetric, and owing to the chain rule %H = (VxH )T%, one obtains again a conservative
balance: d
—H =0. 2.33
T (2.33)

The particular choice of variables allows the matrix J to be written in skew-symmetric form,
which is a typical structure of port-Hamiltonian systems (PHSs) [210, 84]. Equations (2.19)
and (2.30) are entirely equivalent in the continuous domain.
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2.2.2 Loss

Real physical systems are never perfectly conservative, and different damping mechanisms
come into play. A common form is viscous damping, where the force is proportional to
the system’s velocity. This model is typically used to describe frictional forces such as air
resistance. It can be introduced into the oscillator’s equation (2.19) as follows:

d?u du

Here, o, > 0 is a constant measured in s~*, known as the damping coefficient of the system,
regulating the decay time. Solutions to this equation can be found using an ansatz, or a test
solution of the form: u = e, with 4, s € C. Substituting this into (2.34) yields

(8% + 2005 + W) = 0, (2.35)
implying the characteristic equation:
§% + 2005 +wj = 0. (2.36)
Solving for s, the roots are found to be:

sy = —0g+\/od — wi. (2.37)

The nature of the roots s determines the oscillator’s behaviour: If damping is small (o( <
wp), the system is underdamped. In this case, the roots are complex:

s1 = —0p + jyJw? — o2, (2.38)

and the general solution (2.22) may be written as:

Ut) = apet +a_e =t = e (ﬁ+ej\/ Wit 4 _e IV w?)“?)t) . (2.39)

By defining the damped natural frequency w; = /w3 — o, the solution becomes:
a(t) = e (e’ 4 e ). (2.40)

This form is similar to the undamped form (2.22), with notable differences: the solution is

g

now modulated by an exponential decay factor e~“°" and oscillates at a frequency wy which
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is lower than the natural frequency wy. When the initial conditions are substituted, following

a procedure similar to that seen for the undamped case, the solution takes the real form:

Vo + OglUg

u(t) = e 7" (ug cos(wgt) +
Wd

Sin(wdt)) : (2.41)
which generalises (2.21) to the damped case.

When oy > wy, the roots become real numbers. The system is critically damped when
09 = wp, and overdamped when oy > wy. In both cases, the roots remain negative, and the
solution is strictly decaying, preventing any oscillatory motion; therefore, these scenarios are
not considered within the scope of this work.

Because damping is an important perceptual feature in acoustics, it is crucial to set the
decay times of physical models accurately. To this end, it is useful to relate the constant o
to a more practical quantity, such as the decay time 7gy, which is defined as the time taken by
the oscillator to reduce its amplitude of vibration by 60 dB. Using the definition of dB, one
has:

20 log e*7°7 = 6. (2.42)

Then, changing the logarithm base: 20 In 270760 = 60 In 10, yielding:

(2.43)

The energy analysis for system (2.34) is a straightforward extension of the procedure

seen for system (2.19). By multiplying both sides of the equation by m%, one has:
it = ooy () 2 gy <0 (2.44)
- = —2Mmo, —_— = — . .
dt "\a =

Here, () > 0 is the power dissipated by the oscillator, and H has the same form of the energy
(2.26). Thus, the energy is a positive definite and monotonically decreasing function of time,
and the system is now dissipative. Because the energy is still positive definite, the solution

remains bounded.

2.2.3 Forcing component

A thorough analysis of the behaviour of a forced oscillator is outside the scope of this text
(more information on this topic can be found in [148, Chapters 3,4]). Nevertheless, it is

useful to introduce the notation relative to a forcing component. A source term may be
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included as

d%u du 1
P —wiu — 20—0E + EF, (2.45)

where F' = F(t) is a time-dependent external forcing function. Energy analysis leads to the

following balance

d
SH=—QUt) + P(0), (2.46)

where P(t) = 9“F is the injected power, and H is as per (2.26).

2.2.4 Preamble 1: Vector inner products

Before moving on, it is useful to introduce the vector notation employed in this text. Given

two real vectors u, v, the inner product and norm are written as:

(u,v) 2 u'v, |lul| = /(u,u). (2.47)

The norm is positive by definition, and the usual properties of symmetry and linearity hold
for the inner product [130, Chapter 5]. The Cauchy-Schwartz and Triangle inequalities read:

[ (w,v) | < [[ul[[]v]] (2.48a)
[u+ v < fful| + v, (2.48b)

Now, consider a symmetric, positive definite matrix A. One has:
(u, Au) > 0, (2.49)
and, given the properties of the transposition operator:
(u, Av) = uTAv = (Au)"v =vTAu = (Av)"u. (2.50)

Furthermore, the norm of u can be bounded in terms of the smallest and largest eigenvalues
of A:
0 < min(eig(A))||ul| < uTAu < max(eig(A))||u]l, (2.51)

where eig(A) indicates the set of eigenvalues (or spectrum) of A.
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2.2.5 Multiple degrees of freedom

So far, only single-degree of freedom (DoF) systems were considered. A multi-DoF system
has multiple natural frequencies, known as natural modes of vibration: the number of these
modes equals the system’s DoF. The extension to multiple DoF is achieved through ODEs
coupled together: a system of N coupled oscillators may be written as:

d?u
KTE (2.52)
Here, u = [uy,us ..., uy] is a vector containing the displacements of the individual masses,

M is a diagonal, positive definite matrix called the mass matrix, storing the individual
oscillators masses, and K is a positive definite square matrix referred to as the stiffness
matrix.

System (2.52) may be diagonalised by formulating a generalised eigenvalue problem as:
KU = MUS?, (2.53)

where U is a matrix whose columns are composed of the eigenvectors and S is a diagonal
matrix with the square roots of the eigenvalues. Under oscillating conditions, the entries
of S are purely imaginary, so S = j€2, where €2 is a diagonal matrix containing the real
eigenvalues:

w1

Q= . (2.54)

WN

When MK is symmetric, the spectral theorem [130, Chapter 8] ensures the existence of
a basis of eigenvectors in RY, with N associated real and distinct eigenvalues. Therefore,
U is orthogonal and contains the mode shapes, while {2 stores the correspondent real
eigenfrequencies, one for each eigenvector. Otherwise, the eigenvectors may not be linearly
independent, and U could be rank-deficient. In this case, some eigenvalues are repeated, i.e.,
w; has an algebraic multiplicity greater than one for some ¢. Considering again the eigenvalue
problem (2.53), and assuming MK to be symmetric, one may left-multiply by M~! and
right-multiply by U~!, obtaining the eigendecomposition:

M 'K = -UQ*U L (2.55)

Defining w £ U~ !u, yields:
d*w 9
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Since €2 is a diagonal matrix, this system is completely decoupled. Each line represents the
equation of a harmonic oscillator for the modal coordinate w; with resonant frequency w;.
The original coordinates u are retrieved with the projection u = Uw.
. . . . . . du .
An energy analysis for system (2.52) is obtained by taking an inner product with

du _ d?u du
il Y fullah QU (e Y 2.
< it de > < dt’ u> @37

The derivative identities (2.4) still hold in the vector case; thus, the energy balance becomes:

d 1 /du du 1

leading to energy conservation. Additionally, the energy is non-negative if both M and K

are symmetric and positive definite, given the property (2.49), and the following bounds can

du du 2H0 2H0
(a6 ) < Vamtoatnr 9 < gy )

where H is the initial energy. Hence, proving that the mass and stiffness matrices are

be derived:

symmetric and positive definite is sufficient to ensure the stability of a generic system of the
form (2.52).

2.2.6 Loss and Forcing

Viscous loss and a forcing term can be easily included into system (2.52) as follows:

d?u du
M— =-Ku-C— +f. 2.60
ar T (2.60)
Here, f = [F},..., Fy]T is a time-dependent vector containing the source terms for each

oscillator while C is a positive definite damping matrix yet to be defined. Equation (2.60)
represents the extension of system (2.45) to multiple DoF. The energy analysis is run

. . s du,
analogously by taking an inner product with *:

du _du du
— C— Pt)=(—.f 2.61

where H has the form (2.58). A passive energy balance is obtained when P(t) = 0.

d
G =-Qw+Po. Q0=
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u(x+dx) T(x""dx,t)
O(x+dx,1)

Fig. 2.2 An infinitesimal section of the ideal string.

If proportional damping [148, Chapter 7] is assumed, the damping matrix is expressed in
the form:
C=0oM+ oK. (2.62)

Here, o is a non-negative constant damping coefficient, as in the single-DoF case, and o is
another non-negative constant regulating a frequency-dependent damping value. Under this

assumption, system (2.60) can be fully diagonalized, as in the unforced, undamped case.

2.3 The 1-D wave equation

The framework detailed above treated discrete systems, or lumped systems, which are
governed by ODE:s. If the system has a spatial dimension, it must be treated as distributed.
The displacement is given as a function of space, and the system is governed by time-
dependent PDEs. Because the focus is on strings, only one spatial dimension will be
considered in this text. The displacement of a distributed object is represented by a function
u(x,t) : D x Rf — R, where z is defined over a simply connected domain D C R; as
before, u is assumed to be sufficiently smooth.

Consider an ideal string, i.e., the string is lossless and has no stiffness. A string segment
ds is represented in Figure 2.2. The string lies on the x axis and is subject to a tension
To(x,t). The vertical displacement is denoted by u(z, t). € is the deflection angle, and the
mass of the segment is given by the volume density p (measured in Kg/m?) multiplied by the
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volume of the string element, dm = dspA, where A is the cross-sectional area of the string
(in m?), assumed constant. For small displacements, the deflection angle is minimal. With
this assumption, and by considering the tension to be uniform over the spatial domain, one
may arrive at the equation of motion:

pAdtu = Tyo u. (2.63)

The complete derivation is outside the scope of this work; further details can be found in
[94, Chapter 2]. Equation (2.63) represents the ideal string equation. When divided by a
constant with the dimension of mass, it is usually called 1-D wave equation or simply the
wave equation. In this context, it will be referred to as the wave equation also in the form
(2.63).

As the SHO, the 1-D wave equation (2.63) is a second-order differential equation in
time and requires two initial conditions. Usually, these are the values of the state v and the

velocity dyu at t = 0, and one may define
uo(z) 2 u(z,0), vo(z) = 8tu‘t:0. (2.64)

Since the system is distributed in space, the initial conditions now depend on x.

2.3.1 Preamble 2: spatial inner product and integral relations

Before proceeding, it is useful to introduce the mathematical notation employed in this text
for continuous spatial inner products. Consider two functions a(z, t), b(x, t), defined over a
domain D C R, with endpoints d_ and d_.. Then, the L? inner product and related norm are
defined as [130, Chapter 5]:

(a,b)p 2 /D abdz,  allp 2 /(a,a)p (2.65)

Note that, because a and b depend on time, (a, b) is a function of time: (a, b) (¢). The usual
properties of symmetry and linearity hold, and the norm is positive definite.

The Cauchy-Schwartz and triangle inequalities read, respectively:

[ {a,b)p | < llallp]lbllp (2.662)
la +bllp < {lallp + [[bl[p- (2.66b)
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For another another generic function c(xz,t) : D x Ry — R, it holds that:
(a,bc)p, = (ab,c)p . (2.67)

It is worth explicitly writing the integration by parts rule, which will be extensively employed

in this text:

+

(a,0b), = / a(0,b) dx = —/ (Opa)bdx + ozb‘j+ = —(0,a,b)p + ab’j . (2.68)
D D - -
This rule can be extended to second derivatives by applying the formula twice:
2 /a2 dy dy
<a, 8$b>D = <6xa, b>D + (@ca)b)d_ - a(@wb))d_. (2.69)

If the endpoints of the domain are not time-dependent, Leibniz’s rule holds:

d
—/ adx:/ Oradx. (2.70)
dt Jp D

Since the integral is over space, what remains after integration has no spatial dependence;
therefore, the partial derivative becomes a total derivative outside the integral. For an inner

product, this results in:

d
& <a, b> = (@a, b> + <Cl, @b) . (271)
For two vectors of functions a = [aj,as,...,ay]T and b = [by, by, ..., by]T, the inner
product becomes:
(a,b), = / a'b dz. 2.72)
D

2.3.2 Energy analysis and boundary conditions

Since the string has a finite length, it is necessary to specify boundary conditions: this process
is known as defining a boundary value problem (BVP). Boundary conditions can be derived
using energy arguments. Consider a string of length L. Thus, two boundary points are
introduced at z = 0 and x = L. The energy analysis, similar to the lumped case, is obtained
by taking the inner product of the equation of motion (2.63) with the velocity:

pA <8tu, afu>D =T <8tu, a§u>D , (2.73)
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where D = [0, L], and the limits of integration are 0 and L. Employing integration by parts
(2.68) yields:

x=L

pA (O, 0fu)  + To (00,0, Oty = To(Dyudyu)| (2.74)

Using the relation (2.71), the inner product at the left-hand side can be written as:

2 2 d
<(9tu, Gt ’LL>D = — <8t u, 8tU>D -+ & <8tu, @u)D . (275)
Due to the symmetry of the inner product, this simplifies to:
1d

<(9tu, 8t2u>D = 5& <8tu, &gu)D (276)

The same relations hold for the right-hand side, and equation (2.74) can be written as:

d r=L
&H = Ty (O udyu) o 2.77)
where the energy H takes the form:
A T
H = 220l + < l10,ulf, 2.78)

Equation (2.77) represents the energy balance for the wave equation (2.63), which depends
on the boundary conditions. Specifically, it is expressed as the product of force (7(0,u) and
velocity (O;u) at the boundary points. There are two primary approaches to ensure energy

conservation. The first involves setting the displacement or velocity to zero as:
u(0,t) =0, u(L,t) =0 vt > 0. (2.79)

This is known as a fixed or Dirichlet-type condition. The second approach corresponds to

imposing a vanishing force at the boundary:

Qu| _=0,0u| =0 vt>o0. (2.80)

=0 =L

This is referred to as a free (free of load) or Neumann-type condition and corresponds to a
string free to move in the transverse direction. Neumann boundaries are typically of little
interest in the context of strings since they are usually attached to a bridge or soundboard.
However, this form becomes useful when dealing with finite impedance boundaries, as

will be discussed later. Note that mixed boundaries are also possible. Under fixed or free
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boundary conditions, the balance (2.77) is passive. Additionally, the positivity of the energy
ensures that the solution remains bounded, analogously to the behaviour observed in the
simple harmonic oscillator (SHO). Thus:

2H, 2H,
0] <y /— Oz <\/—, 2.81
l0cllo < /=20 10ulle < /=1 (2.81)
where the initial energy is given by the initial conditions (2.64):
A Ti
Hy = ool + < l10suo 3. (2.82)

Under fixed boundary conditions, bounds on u, rather than its derivatives, may be obtained
[24, Chapter 6]. Note that the subscript of the inner product will be dropped henceforth if the
domain is finite, assuming the integration is performed over the domain D = [0, L] unless
otherwise specified.

2.3.3 Modal expansion

Consider again equation (2.63), defined over a length L, with both ends fixed as in (2.79). A
modal description is obtained when the motion is synchronous. In this case, the string presents
a displacement pattern, or profile, with a fixed shape, which changes only in amplitude over

time. Then, the solution is said to be separable and can be written as:
u(z,t) = x(z)w(t), (2.83)

where x represents the string profile as a function of space only, and w is the time-dependent
amplitude. Inserting into equation (2.63) gives:
d?w d?y dPwl  ,d%x1 A [T

=Tr—w = — = c= 4 — (2.84)

Ay W
PEX g2 dz? dt? w dz? ' pA’

where c is the wave speed. Since the left-hand side depends only on time and the right-hand

side depends only on space, the solution is indeed separable, and it can be written:

w1l ,d%x1 4
i Sl Tl U | 2.85
a2 w  C da? X ’ (2.85)
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where A € R, because all the constants are real. This leads to two separate ODEs:

d?w
2y A
X =0 (2.86b)

Consider the equation (2.86a) first. The characteristic polynomial and its solutions are:
$—-A=0 = si=+V\ (2.87)

If )\ is positive the solution diverges, which is incompatible with string oscillations; thus, it
must be either zero or negative. Now, one may introduce the notation: A = —w?, with w > 0.
The roots then become s = ++/—w? = £ jw, and the solution to the ODE is:

w(t) = Wy et 4 b_e I, (2.88)

which corresponds to the solution of a SHO. Thus, the temporal solution is harmonic, with a
frequency w.

The value (or values) of the frequency w and the nature of the displacement configuration
X(z) can be determined by examining the spatial equation (2.86b), which constitutes a
differential eigenvalue problem. First, rewrite the ODE and the boundary conditions:

d*x 2
Tz THx=0 x(0)=x(L) =0, (2.89)
where it was defined 52 = w?/c?. This is another harmonic equation, and the solution may
be written in the form:
x(x) = Asin(Bx) + B cos(fz), (2.90)

where A and B are real-valued constants to be determined. Since at the left boundary
x(0) = 0 then it must be that B = 0, and:

x(z) = Asin(fz). (2.91)
On the other hand, at the right boundary, one has x (L) = 0, thus:

Asin(pL) = 0. (2.92)
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This is the characteristic equation of the differential eigenvalue problem. It is a transcendental

equation, leading to an infinite number of nontrivial solutions, or wavenumbers:

mi

Bm = 7 (2.93)

Note that the trivial solution 5 = 0, which corresponds to the zero-frequency case w = 0,
must be excluded. In fact, to satisfy the boundary conditions, one would obtain y(z) = 0 Vz,
preventing any oscillatory motion. Thus, m € N.

Inserting equation (2.93) into (2.91) gives an infinite set of eigenfunctions:

Xm(2) = Ay sin (m;m) : (2.94)

usually referred to as mode shapes or eigenmodes of the system, where A,, are constant
amplitudes. Each mode shape is associated with a temporal solution w,, (), called also modal

coordinate, oscillating at a frequency w,,,, which depends on the wavenumber [3,,:

wm = B = ? (2.95)

These are the system’s eigenfrequencies. Each eigenfrequency-mode shape couple is a
mode of vibration of the system. The general solution u(x,t) can now be written as a linear

combination of the individual solutions:
u(z,t) = > Xm(@)win(t). (2.96)
m=1

For practical applications, the modes are usually limited to a finite number M. Thus, the

solution (2.96) can be written in vector form:
u(z,t) = xT(z)w(t), (2.97)

where x is a vector of eigenfunctions, and w contains the modal coordinates. Both have
length M.

Modal projection

Consider a solution of the type (2.97) and substitute it into the wave equation (2.63):

pAXT =T w. (2.98)
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\

Fig. 2.3 Ideal string connected to a lumped mass-spring system at one boundary.

Next, left-multiply by another vector x and integrate over the string length. This corresponds
to taking an inner product in L

L
fméxfmag—%/x "dow, (2.99)

where the integration sign applies individually to each element of the matrices resulting from
the outer products. Through integration by parts on the right-hand side and dividing through
by pA, one gets:

(2.100)

d*w o /dx dx7 o dxT
<XX>dt2——C <dx’dx W+ c Xd ’0

The boundary term vanishes due to Dirichlet boundaries. The modes can be proved to be
orthogonal; furthermore, by choosing A,, = A = |/2/L, the modes become orthonormal

and are called normal modes. Then, equation (2.100) may be written as:

d*w 9 “
Cy=-w =] | (2.101)

W

where w,, are the eigenfrequencies (2.95), and equation (2.101) is now equivalent to the
system of decoupled oscillators (2.56). This method is known as modal projection and is the
procedure for expressing a system in modal form when the mode shapes and eigenfrequencies

are known.

2.3.4 Lumped mass at the boundary

Dirichlet and Neumann conditions serve as useful idealizations for the boundaries. However,
more realistic conditions should also be considered. For instance, consider a fixed-free string,

where the right boundary is attached to a mass-spring system, modelling a bridge. This
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scenario is depicted in Figure 2.3. The equation governing the mass-spring system is:

a2U
mm = KU+ F, (2.102)

where F' = F'(t) is the force exerted by the string onto the mass, and one may set the contact
condition U(t) = u(L,t) Vt since the mass is attached to the string’s end. The force is

determined from the energy balance expression (2.77):

F(t) = ~Todyu| _, (2.103)

where the negative sign indicates that the force is exerted by the string onto the mass.
To derive an energy balance, first multiply equation (2.102) by the velocity %. Using
the usual derivative identities, the definition (2.103) and noting that U (¢) = u(L, t) yields:

d (m (dU\®> KU? dU
2= 2 == =1 . 2.104
dt (2 <dt> M ) dt o(O:ud)],_, (2.104)

Hp,

Next, consider equation (2.77): the term corresponding to the left boundary vanishes due to
the Dirichlet condition. Substituting equation (2.104) into the left-hand side yields:
d d

“H=——H,, 2.105
dt dt (2.105)

where H is as per equation (2.78). This indicates that the system is conservative. Such
a boundary condition has a nonzero, finite impedance, unlike the fixed condition (infinite
impedance) or the free condition (zero impedance).

Consider now an eigenvalue problem of the form (2.89), with the boundary condition at
the right-end specified by (2.103). Since the left end remains fixed, the modes continue to be
described by (2.91). At the right end, one has y(L) = Asin(5L). Thus, one may consider
the contact condition in separable form U (t) = x(L)w(t), substituting it into the boundary
equation (2.102) and into the force expression (2.103). The time-dependent part simplifies,
yielding:

(—mw? + K) sin(“’cL) - —TO% cos(”cL). (2.106)
This is the system’s characteristic equation, which may be solved for w numerically to
determine the system eigenfrequencies. There are three significant cases to consider: when
m, K — o0, the left-hand side dominates, resulting in eigenfrequencies characteristic of a

fixed-fixed string; when m, K — 0, the right-hand side dominates, yielding eigenfrequencies
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IR R
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Fig. 2.4 Graphical solution of the transcendental equation for an ideal string attached to a
mass-spring system. The characteristic equation is shown in blue, with intersections on the
horizontal axis (solid line) representing the eigenfrequencies, highlighted by dashed lines.
The red dashed line corresponds to the oscillator’s natural frequency, and the black lines
mark the frequencies of a fixed-fixed string. The string physical values are: p = 5535 Kg/m?;
L=0.69m; A=6.5x 107" m?; T, = 147.7 N. The mass-spring values are: m = 0.01 Kg;
K =8 x 10° N/m.

characteristic of a fixed-free string; and when m, K > 0, the system exhibits an additional
degree of freedom, leading to eigenfrequencies characteristic of a fixed-fixed string plus one
supplementary modal frequency corresponding to the natural frequency of the oscillator. The

latter situation is depicted in Figure 2.4.

2.4 Stiff string

The ideal string is assumed to be perfectly flexible, which is a simplistic approximation.
Various models account for finite thickness, as reviewed in Chapter 1. Here, a stiffness term
following the Euler-Bernoulli model will be considered, as it has been found sufficient for
musical acoustics applications [71]. A stiffness term may be added to equation (2.63) as:

pAdiu = Tyd*u — Elydtu, (2.107)
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where /' is Young’s modulus for the string’s material in Pa, and [, = ”77"4 is the moment of
inertia, with 7 being the string’s radius in m. This equation remains a second-order PDE in
time and can be complemented with initial conditions similar to those detailed for the wave

equation.

2.4.1 Energy analysis and boundary conditions

Consider the string to be defined over the domain D = [0, L]. The energy analysis of equation

(2.107) 1s again performed by taking an inner product with the velocity:
pA <8tu, 8,?u> =Ty <3tu, 8§u> — FE1I, <8tu, 6§u> . (2.108)

By applying integration by parts (twice on the rightmost term), the following balance equation
is obtained:

EH = To(@;uatu)

=t BI (010 — 0,0u0%0) [T 2.109
& o 0<tuxu_xtuxu)‘$:07 (2.109)

where the energy H takes the form:

EI

5 | 02ul|?. (2.110)

A Ti
H = 52 0pl]* + 0.l +

In addition to the velocity and slope, the curvature of the stiff string is also bounded in terms

of the string’s initial energy:

2H,
]g =0 2.111)

52 .
= El,

Thus, the solution remains bounded.

The boundary term vanishes under the following conditions, valid Vt:

. u(L,t) =0, 0Jyu

=0 clamped, (2.112a)

T=

u(0,t) =0, Oyu N
0

u(0,t) =0, 0%u o u(L,t) =0, 0%u ., =0 simply supported, (2.112b)
8§u =0, —Ty0u + E[D(?iu =0

=0 2=0 @=0 free. (2.112¢)
Ou . =0 —To0u T Elyd3u ., =0

In the clamped conditions, both the position and the slope are set to zero. Imposing 9%u =
0 indicates that the bending moment is null, meaning that simply supported conditions
correspond to fixed ends that are free to rotate; these are also known as pivoting conditions.

The second term in the free conditions has two components: one is the familiar string force
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at the boundary, and the other corresponds to the shearing force of the beam, which opposes
bending. Since this shearing force is zero, the end is free to vibrate. Clamped conditions are
not commonly used, as strings are typically assumed to be simply supported. Free conditions
have limited applications in musical acoustics, but they become useful when addressing more

complex boundaries. Mixed boundary conditions can also be employed.

2.4.2 Modal expansion

Consider a stiff string of length L, simply supported at both ends. As for the ideal string, a
modal description is obtained when the stiff string executes synchronous motion. First, insert
a separable solution of the form (2.83), resulting in:

d?w d?y d*y d?w 1 d?y 1 d*y 1
Ax— =Ty—=w — Ely—= = —— =L kP22 ) (2113
PEX 42 0qz2" O qzt” 2w da? x " dzt x )
where it was defined:

E1T
A 0

= —. 2.114

A (2.114)

As before, this results in two separate ODEs. One is second-order in time, leading to the
same conclusions as for the ideal string, with w having the form (2.88). Now, consider the
fourth-order, homogenous ODE:

2dix | Ldx 2

—RK =t tuw

it y=0. (2.115)

Assuming a solution x(z) = €/%, with 3 € C, the characteristic polynomial and related

roots are obtained:

A 4 4w?k?

5 (2.116)

24+
WA —-rBt =0 = B:i\/ ¢

Thus, there are four distinct solutions for /3, two real and two purely imaginary: 5 =
+1, £7 s, with:

5 2 \/ c4—|—4w2/$2—c2’ 5, & \/ C4+4w2l€2+€2. @2.117)
2kK2 2kK2

Therefore, the general solution to the ODE may be written in the form:

X(ZB) = f(lejﬁlx + )226_]-/3196 + )236&36 + )246_5296, )21,2,374 eC, (2.118)



2.4 Stiff string 43

or
X(x) = Asin(f1z) + B cos(f1x) + C'sinh(Sax) + D cosh(fax). (2.119)

Considering simply supported boundaries, one has:

X(0)=B+D=8x| =-B+D=0 = B=D=0. (2.120)

At the right boundary:

x(L) = Asin(BL)+C'sinh(BL) = 92y

| = B*(—Asin(BL)+C'sinh(BL)) = 0, (2.121)

leading to the conclusion that C' = 0. Thus, the characteristic equation is analogous to that of
the ideal string: Asin(SL) = 0, and 3, = mn /L, with n € N. The mode shapes are then:

Xm = Am sin(@mx), (2.122)

and, as for the ideal string, it may be normalized by setting A,, = A = /2/L. The
eigenfrequencies can be found by considering 5, = [5,,, and solving for w:

Wm = /P2, + K2[4. (2.123)

Note that the natural frequencies are no longer equally spaced, leading to a phenomenon
known as inharmonicity. A thorough study on the parameter adjustments required to tune
stiff strings is found in [67]. A modal projection may be now performed, analogously to
the case of the ideal string, leading to a system of uncoupled oscillators of the form (2.101),
where the eigenfrequencies now take the form (2.123). The pinned-pinned stiff string is the

only combination that admits a closed form for the eigenfrequencies.

2.4.3 Lumped mass at the boundary

The study of a stiff string with a finite-impedance boundary is similar to that of the ideal
string. Consider simply supported boundary conditions at the left end and a connection to a

mass-spring system at the right end. The right boundary is defined as:

2
:mMnLKU, (2.124)

2 — I
(9$U, = 0, Tof)xu _ a2

z=L

__, T ELdu

with the further constraint that u(L,t) = U(t). Note that, with respect to the ideal string
case, there is now a condition on the bending moment, which is zero because the string end
is free to bend. Additionally, the force at the boundary now includes the shearing force term.
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An energy analysis can be conducted similarly to the ideal string case, leading to energy
conservation.

A modal analysis is performed by inserting a separable solution. The resulting ODE in
time is the same as in the pinned-pinned case, leading to a harmonic solution. Regarding
the spatial part, a differential eigenvalue problem of the form (2.119) results, which must be
solved using the current boundary conditions and the contact condition. This process is more
involved than in the ideal string case, but through some algebra, the constants B, C', and D
may be retrieved in terms of A, leading to modes of the form:

33 sin(B, L)

o) = 4 fsin(ar) +
with A begin a normalisation factor yet to be specified, and (31, 3, are as per (2.117). The

characteristic equation becomes:

d3y
daz3 |

dx

—T
Odz dx g,

+ Elp—%| + (w? — K)x(L) =0, (2.126)

which is a transcendental equation that can be solved for w to retrieve the system’s eigen-
frequencies w,,. A modal projection is performed by inserting a solution of the type
u(z) = x(z)"w(t) and taking an inner product with another mode set x onto the string

length. After integration by parts, the resulting expression is:

d’w dx dxT d?x d?x’
A = x(D)B™W — Ty { =%, "% VYw— Bl ( —%, =% 2.127
p <xx>dt2 x(L)BTw o<d$,dx >W °<dx2’dx2 , (2.127)
with: 1 &
ap9X| _ prdX
BTy | ~El 5, (2.128)

By considering the boundary conditions (2.124) and the contact condition, the system can be

finally represented as a bank of oscillators:

d*w

o = Kw, (2.129)

with
M = pA [(x, X") +mx(L)(x(L) (2.130a)

K= T0<ix dx! >+E10<d d—x >+KX(L)(X(L))T. (2.130b)
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Note that the mass and stiffness matrices are diagonal and positive definite, and the oscillators
are uncoupled. Consequently, one can write MK = Q2 where  is a diagonal matrix
whose elements are the frequencies given in (2.126). Furthermore, the eigenmodes are
orthogonal; the normalisation constants A = [Ag, Ay, ..., Ay|T can be determined so that

either the mass matrix or the stiffness matrix is normalized to the identity matrix.

2.4.4 Viscous loss

A model for viscous loss can be incorporated into the stiff string equation similarly to the
SHO, by adding a term proportional to the string’s velocity, scaled by a constant o, which
can be related to the T, as seen above. However, this would result in constant, frequency-
independent damping, which does not reflect realistic string behaviour; in fact, real strings
have complex decay profiles, as mentioned in Chapter 1. As seen in [67], implementing
refined frequency-dependent damping in the time domain, such as the Valette and Cuesta
model, is challenging. A simpler approach, easier to implement, is presented in [18], and
reads:

pAGFu = T30%u — Elodu — 2pA (00 — 0102) pu, (2.131)

Here, o is the usual non-negative constant that controls a uniform decay rate across all
frequencies, while o, is another non-negative constant that introduces frequency-dependent
characteristics to the loss. For practical implementation details, see [24, Chapter 7].
Consider a string of the type (2.131) defined over the domain D = [0, L]. The energy
balance is obtained the usual way, by taking an inner product with the velocity. Through

integration by parts, one gets the balance:

d
SH = B(t) - Q(1), (2.132)

where the energy H is as per (2.110), the boundary term has the form:
B(t) £ [Tod,udyu — Bl (9pudu — 0,0,u0%u) — 201pA0udd,u] |1, (2.133)
and the dissipated power now reads:
Q(t) = 200pAl|Ou||* + 201 pA|0,0,ul*. (2.134)

The boundary term B vanishes for clamped and simply supported boundary conditions,
while free boundary conditions must be modified to ensure energy conservation. It is
important to note that the lumped mass boundary condition discussed earlier is not valid
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when 07 # 0. However, frequency-dependent damping may be included directly in modal

form, as mentioned in the next paragraph.

2.4.5 Forcing and modal expansion

A forcing term may be added to equation (2.131) as:
pAGPU = Lu+ Fo(x,t), L =Tyd?— EI02 - 2pA (00 — 0102) 9, (2.135)

where L is a linear operator and the external source term F, is typically separable in x
and . Point-wise forcing is quite common in musical acoustics, which may be modelled
with a Dirac delta centred on the input point z; as F.(z,t) = §(x — ;) F(t). The string is
considered to be simply supported at both ends. An energy analysis yields the balance:

d

&H = —Q(t) + P(t), P(t) = Owu F(t), (2.136)
where H and () have the expressions (2.110) and (2.134), respectively. With simply supported
boundaries, a modal expansion may be performed, using the normalised mode shapes (2.122),

resulting in:
d’w dw F
T _Pw (=2 . 2.137
T w T x(@i) A (2.137)
Here, €22 is a diagonal matrix containing the eigenfrequencies (2.123), and C is the diagonal

damping matrix, where the diagonal elements are given by:
Crnm = 200 + 2(mn /L))o, (2.138)

However, there is now no restriction on assigning a unique damping coefficient to each mode
by employing a generalized loss matrix C. This lets each vibration mode have its own T,
allowing for the direct introduction of more complex frequency-dependent damping profiles,
such as that described by Valette and Cuesta [206].

2.4.6 Distributed bridge at the boundary

The lumped bridge presented earlier in this chapter is a simplified approximation; a more
accurate model would account for spatial distribution. A distributed bridge can be described

by an Euler-Bernoulli bar, modelled as a stiff string without the tension term. The governing
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equations can then be formulated similarly to those proposed in [157]:

psAsO?us = T,0%us — EI0Mus, (2.139a)
ppApOiuy, = —E 1,00, + 6(2 — ) F (). (2.139b)

Here, subscripts s, p refer to the string and the bridge, respectively. us = ugs(z, t) represents
the transverse displacement of the string of length Lg, while u, = u,(z,t) denotes the
displacement of the beam of length L,,, defined over the domain z € [0, L,|. The term F
represents the force exerted by the string onto the bridge, directed point-wise at location z;.
The string is considered simply supported at the left end, while the right end determines the

force exerted by the string, analogously to the case of the lumped mass at the boundary:

F(t) = —T0wus| . + EI03u, iy O2uy =0. (2.140)
T=Ls T=Ls r=Lg
The bar is simply supported at both ends:
92, = u,(0,t) = 02u, = up(Ly,t) = 0. (2.141)

A rigid contact is assumed between the string and the bridge, leading to the condition:
Lp
/ 0z — zs)up(2,t) dz = up(2s,t) = us(Ls, t). (2.142)
0

An energy balance is obtained by taking an inner product of equation (2.139a) with 0, us
and (2.139b) with d,u,,. By integrating by parts and considering the boundary and contact
conditions, the following is derived:

d d d d d
—H, = — sathi sL57tF:_7Hsv = —(H, Hy 207 2.143
with:
A BT
Hy = P20 |2+ =52 02 | (2.1442)
s As 15 El
H, = B0 | + 200l ? + =102 (2.144b)

The balance (2.143) is conservative, and the energy expressions (2.144) are non-negative,
indicating that the continuous system is stable. Unlike in the lumped case, an analytic form of
the modes is not readily available. Thus, the eigenvalue problem will be solved numerically
in Chapter 3.






Chapter 3

Numerical discretisation techniques and
applications to linear systems

The PDEs encountered in musical acoustics typically do not have analytic solutions, requiring
the use of numerical methods. This chapter introduces the notation and principles of the finite-
difference (FD) method and illustrates its usage in the context of linear systems. Following
the approach of the previous chapter, the FD method is first applied in the time domain,
followed by spatial discretization, which introduces finite-difference time-domain (FDTD)
methods. Part of the content in this chapter is based on textbooks by Bilbao [24] and LeVeque
[137].

3.1 Time difference operators

In time-stepping methods, time is discretised with a time step k£ (in seconds), yielding a
sample rate f; = 1/k. The sample rate is typically predetermined in audio applications and
remains constant through the simulation. Common sample rates are are 44.1, 48 and 96 kHz.
The continuous function wu(t) is approximated at time step ¢ = nk by the time series u",
where n € N is the time index. The most basic operators in discrete time are identity and
shift, defined as:

n

1u" = u", eppu” = u"tt, ep_u =u"l, (3.1

From these, time difference operators, also known as FD operators in time, can be defined as:

A Gt — 1 d A 1-— Ct_ d A Ctp — €4 d
= ~ — _= ~ — s 2
Ot 0 k a 2k dt 3-2)
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————— *—— *—————eo——— n+]
————— —————o— ——————— 1
—_——————————————— n-1
0,4l o.u ou O,

Fig. 3.1 Illustration of stencils for various time difference operators approximating the first
and second time derivatives.

These represent the forward, backwards, and centred difference operators, respectively, and
approximate the first derivative operator. When applied to a time series, they provide different
finite approximations of the difference quotient:

(un—‘rl _ un) (un _ un—l) (un—l—l _ un—l)
ot = ————= opu = ————= hu" = ——mF——= 33
t+U 2 ) t—U 2 ) tU 2% (3.3)
Additionally, averaging operators can be defined to approximate the identity operator:
e +1 1+e err +ep
My = HT ~ 17 Mt— = Tt ~ ]_7 J % ~ 1. (3.4)

These are particularly useful in constructing stable schemes. The operators above are the
foundational building blocks for time-stepping algorithms and can be combined in various
ways. One significant combination provides an approximation of the second-order derivative:
2

i = 0pyOp = et++k22_€t_ ~ c?tw (3.5)
where the constant "2" is intended as twice the identity operator. Since higher-order time
derivatives will not be encountered in this text, higher-order difference operators are not
discussed. The temporal width, or stencil, of an operator is defined as the number of distinct
time steps required for its approximation. Thus, d;,, d;_, ;4 and p,_ have a stencil of width
1, while ¢;. and d;; have a stencil width of 2. A graphical representation of the stencil widths
for the difference operators is shown in Figure 3.1. Various identities exist between the
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operators; useful ones include:

2

pe =1+ -0, (3.62)
Op. = Opyflp— = Oy_flyq = ;(5t+ +d,), (3.6b)
5y = ;(m _6) = 2(@. —6), (3.60)

L= s F ’“;ti, (3.6d)
Crr = figy RO _ 4 kb, (3.6€)
pe. = kb, + eq_. (3.6f)

Discrete versions of the continuous relations (2.4a) and (2.4b) can be derived, along with

other identities:

(Sru™)Su™ = 6,4 (;(5t_u")2> , (3.72)

(o™ = 8, (;u"et_e”) , (3.7b)

(B pes” = b (5077) (3.7¢)

(o™ = iy (ueq "), (3.7d)

(o™ (o) = 6, (;(u")2) , (3.7¢)
(ko _u")?

(3.71)

u'eu" = (p—u")? — 4
while a discrete version of the relation (2.4¢) is not immediately derived. All the equivalences
above can be proved through simple algebraic operations.

3.2 Accuracy: truncation error

It was mentioned that FD operators approximate derivative operators; however, the accuracy
of these approximations has not yet been discussed. A common method for analyzing this
accuracy involves using Taylor series, which requires assuming that the continuous function

u(t) is sufficiently smooth. Under this assumption, the function values can be expanded
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Fig. 3.2 Graphical representation of the backward, forward and centred time difference
operators, interpreted as the secant lines between two points of the continuous function w(t).

around a point t:

w(t £ k) = u(f) + pdul®) R dPu(t) | B dPu(f)

dt 2 de? 6 dt3 + O, 38)

where O(kP) indicates that the error term is on the order of k7. Applying the backward and

forward difference operators to the continuous function u(t) gives:

t+k)—u) du(t) | kdPu(t) K du?)
k Codt T2 A2 6 A

Spu(f) = + U +OU). (39

Because ¢ is a fixed point, the derivatives are constants, making & the only variable parameter.
d2u(t)
de?
the backward and forward difference operators approximate the first derivative with an error

For sufficiently small k, the second term ig dominates over the following ones. Thus,
that behaves as & multiplied by a constant and are defined as first-order accurate. This error
is known as the truncation error of the FD operators.

A similar procedure may be applied to the centred operator, yielding:

 (u(t+ k) —u(t—k)) _ du(t) Kk d*u(t)

— 4
Spu(f) = o ot s O, (3.10)

This indicates that the error behaves as k2, making the centred operator second-order accurate.
Similarly, the backward and forward mean operators can be shown to be first-order accurate,
while the centred mean operator is second-order accurate. Figure 3.2 provides a graphical
representation of the behaviour of these difference operators when applied to a continuous

function. The accuracy order of the second difference operator can be explicitly expressed
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n+1/2 n-1/2

n+1 n n-1

Fig. 3.3 Illustration of a staggered time grid.

as: L 2

5tt:@+(’)(k ). (3.11)
Higher-accuracy operators can be constructed, typically by using a larger stencil; however,
they tend to yield unstable simulations. Furthermore, initialization concerns arise, particularly
when the stencil order exceeds the order of the problem (i.e., the highest derivative order in
continuous time).

Sometimes, time series defined at interleaved or staggered time instants are employed [23].
Given a continuous function (), this may be approximated at time step ¢t = (n — 1/2)k
by the series 9" ~'/2, on the grid depicted in Figure 3.3. The same formal definitions
of the difference operators apply to series defined on staggered time grids, for example:
"2 = (12 —ohn=1/2) /E. The advantage of this approach is that one-step operators

applied to staggered series become centred. For instance, consider the Taylor expansion:

ST+ E/2) = (@) + FWO VG )

4
2 dt 4 dt? 12 de +O(K%). (3.12)

Then, applying the forward difference operator to )(t) gives:

Yt +k/2) =t —k/2) _ du(?) 2
: =g, +OW). (3.13)

O (t — k/2) =

making the forward operator applied to staggered series second-order accurate.

3.3 Harmonic motion in discrete time

Consider the SHO equation (2.19). The simplest FD scheme approximating the equation is
obtained by considering the time series u" approximating the solution u(t), and then simply

substituting the derivative with the second difference operator (3.5):

Spu" = —wiu™. (3.14)
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Expanding the operator yields:
u"t = u"(2 — W k) — Ut (3.15)

This relation is called explicit because the unknown u"*! is directly computed from the
previous time series values, u" and u™~!. However, it is important to note that the validity of
this scheme as an effective approximation for the continuous function «(¢) is not inherently
guaranteed. Further analysis is required to establish this, which introduces the concepts of

stability, consistency and convergence of the scheme.

3.3.1 Stability, consistency and convergence
Stability via energy analysis

As in the continuous case, the energy analysis is performed by multiplying equation (3.14)

by a discrete velocity times mass md;.u". Through the identities (3.7a) and (3.7b) one gets:
m(dpu")(dpu”™) + K (dpu™)u™ =0 — S b2 =0, (3.16)

where it was defined ,
hn—l/? A m(d—u™) Ku"e,_u™

2 2

Equation (3.16) evidently resembles the continuous energy H in equation (2.26). Similarly,

(3.17)

the multiplication by a constant with the dimensions of mass was performed solely to obtain
the correct energy dimension and is unnecessary for the energy analysis itself. The quantity
b is often referred to in the literature as numerical, discrete or pseudo energy. Note that the
energy series is defined on a staggered grid because the operators inside the expression are
non-centred. The system conserves the discrete energy, leading to a discrete counterpart of
the balance equation (2.26). Thus:

b2 = g2, (3.18)

where h'/2 represents the initial numerical energy, set by the numerical initial conditions,
which will be discussed later.

The conservation of this numerical energy is a necessary, but not sufficient, condition for
ensuring the stability of the scheme. In fact, unlike expression (2.26), the discrete potential
energy is not immediately positive definite. As in the continuous case, negative discrete

energy may lead to unbounded solutions; therefore, it is necessary to establish a bound for
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Fig. 3.4 Energy error A H for scheme (3.14). The oscillator has a natural frequency wy = 500
rad/s and it was initialised with zo = vy = 1.

the discrete potential. Using (3.7f) allows to write:

n\2 2 1.2 2 n\2 n\2 2 1.2
gr-1/2 — (5t2“) (1 _ “’041“ ) L% W;“ S (5t2“ ) (1 - "JOf > (3.19)

Thus, energy positivity is ensured iif:

2 k2 2

(1—“’0 >>o - k<= (3.20)
4 Wo

Equation (3.20) is called the stability condition of the finite difference scheme (3.14). If this

is not satisfied, the solution will grow exponentially over time. On the other hand, when the

stability condition is respected, one obtains bounds on the velocity and displacement in terms

of the initial energy, analogous to those obtained in continuous time:

6w < V2012 m, | un| <2012/ K (3.21)

Figure 3.4 shows the energy error for scheme (3.14), defined as:
AH 21—y 1/2/pl2 (3.22)

Note that the discrete energy exhibits fluctuations on the order of 10~14, which approaches the
machine accuracy limit €,,. According to the IEEE standard for double precision arithmetic,
€m = 2772 &2 2.22 x 10716, Machine accuracy represents the smallest value 1 — ¢, greater

than 1 that a computer can represent. Several factors can contribute to discrepancies in



56 Numerical discretisation techniques and applications to linear systems

energy calculations that exceed the threshold of machine accuracy. In this chapter, only
the truncation error of the finite difference operators was considered, without addressing
round-off errors due to finite machine precision. In fact, while relation (3.21) holds under the
assumption of infinite precision, finite precision introduces additional computation errors.
These round-off errors affect not only energy calculations but also the numerical scheme
itself, particularly in nonlinear systems. This can complicate performance evaluation for

certain schemes.

Consistency: local truncation error

As previously mentioned, the FD operators approximate continuous derivatives. When these
operators are applied to a discrete time series u", equation (3.14) is solved exactly. However,
the time series only approximates the continuous solution. As one might expect, if the true
solution, denoted here with u(¢) to avoid confusion, is substituted into the scheme (3.14), the
equation will not be solved exactly, resulting in a discrepancy. This discrepancy is called the

local truncation error (LTE) and is denoted by 7":
Suti(ty) +wii(t,) =7", t, = nk. (3.23)

By means of (3.11), one gets:

9-
(d;(;en) + wi u(tn)> + O(k?) = 7. (3.24)
Since u(t) is the true solution, the term in parenthesis is solved exactly (and is equal to zero
following (2.19)), leading to 7" = O(k?). This indicates that the LTE decreases with the
square of k. In other words, the time series " approaches the true solution with an accuracy
of order k2. Generally, if

lim 7" =0 (3.25)

k—0
a scheme is said to be consistent, and the LTE can be used to assess the accuracy of the
scheme. Specifically, if 7 = O(kP) the scheme is said to be pth-order accurate.
This is valid only if the scheme is also stable and convergent. In fact, consistency alone
does not guarantee that the numerical solution will converge to the true solution, as errors

may accumulate and grow as the solution progresses through time steps.



3.3 Harmonic motion in discrete time 57

Convergence: global error

The idea of convergence of the scheme is linked to the concept of global error. This is defined
as:
E" = u(t,) —u", (3.26)

and is expected to reflect the trend of the LTE. In general, a scheme is convergent if

lim £" = 0. (3.27)
k—0

Convergence is the property that ensures that, as the sampling step £ is reduced to very small
values, the time series will effectively approach the true solution. It is the most difficult
property to prove mathematically for a finite difference scheme. For linear schemes, the
Lax—Richtmyer theorem ensures that a stable and consistent scheme is also convergent [198,
Chapter 1]. However, this does not apply to nonlinear schemes, where convergence must be
independently demonstrated.

If an analytic solution is available, a common technique to verify convergence numerically
is to compare the computed solution with the analytic solution at the same time instant for
decreasing sampling steps, checking that the error decreases according to the expected power
of k. If no analytic solution is available, other target solutions are employed, as will be

discussed in the following chapters.

3.3.2 Frequency warping: an exact scheme

A significant issue introduced by scheme (3.14) is a frequency warping effect leading the

oscillation frequency of the numerical solution to deviate from wy. Instead, it is given by [24,

Chapter 3]:
1 k2 2
w = cos”! <1 — 2“’0) . (3.28)

Since w > wy, the stability limit (3.20) becomes stricter than the Nyquist limit. This effect
becomes more pronounced as wy approaches the stability threshold.

Since the scheme is convergent, increasing the sampling rate could mitigate this effect,
but this is not always feasible in audio applications. On the other hand, an exact, explicit,
unconditionally stable integrator exists for the unforced, undamped SHO, in the form:

u"t — 2 cos(wok)u™ +u"! = 0. (3.29)
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Fig. 3.5 Convergence rate analysis for scheme (3.14) initialised with condition (3.31) (blue)
and (3.32) (orange). The log plot shows the global error, defined as in (3.26) and computed
at time nk = 0.5 s, against the sampling rate. The slope of the blue line is 1: the error then
decreases linearly with the time step k, suggesting that the scheme is first-order accurate
with this initialization. In contrast, the orange line has a slope of 2: the error decreases
quadratically with k, confirming that this initialization is second-order accurate.

A full proof is beyond the scope of this work; interested readers may refer to [56, 57] and
[24, Chapter 3] for further details.

3.3.3 Initialisation

As its continuous counterpart, a numerical scheme must be provided with initial information.
Schemes (3.14) and (3.29) are called two-step schemes because advancing in time requires
knowledge of the state at both the current and previous time steps n and n — 1. Thus, given
the initial position and velocity 1 and vy one needs to retrieve information on v and ;. For
the initial state, this is straightforward:

u® = . (3.30)

For the next state, one may be tempted to set:

Sppu’ = vy — ul = u® + kup; (3.31)
however, this approximation is only first-order accurate due to the use of a forward difference
operator. The centred difference operator cannot be used here because it would require
unavailable state information.
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Consider now scheme (3.14) and the relation (3.6c¢): using the fact that §;; = —wy from

(3.14), one may write:

2, .2
k" wh WP, (3.32)

5.’ = v — ul = u® + kv —

which provides a second-order accurate initialization. In general, it is good practice to adopt
initial conditions with the same accuracy as the scheme. Figure 3.5 represents a convergence
rate analysis of scheme (3.14) initialised with conditions (3.31) and (3.32).

When employing the exact scheme (3.29), an exact set of initial conditions may be
specified [56, 216].

3.3.4 Loss

A discretisation for system (2.34) may be obtained as:
opu’t = wgu” — 2000.u™. (3.33)

The LTE is of order 2, making the scheme second-order accurate. An energy analysis can
be performed by multiplying equation (3.33) by md,.u", leading, through the use of discrete
derivative identities, to:

5, "% = —200(5.u™)? < 0. (3.34)

This shows that the system is dissipative. The energy expression h”~'/2 is defined as per
(3.17), so the stability condition given by (3.20) still holds. Consequently, one can derive the

following bound on the solution size:

. 2k2h1/2
" < J O (3.35)
0

Equation (3.33) exhibits the same frequency warping issues as in the undamped case.
Additionally, it introduces a deviation in the decay time. An exact, unconditionally stable

integrator also exists for the lossy case, given by [24, Chapter 3]:
un—‘rl — e—aok (e\/og—wgk + e—\/ag—wgk) u® — e_QUOku”_l. (336)

As in the undamped case, a full proof is beyond the scope of this work; for further details on

this and initialisation strategies, interested readers may refer to [56, 57, 216].
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3.4 Multiple degrees of freedom

A discrete version of scheme (2.52) can be written as:
M5ttu" = —Ku", (337)

where the vector u” now contains the time series. By expanding the difference operators,

one gets:
Mu"™ = 2M — K*’K)u" — Mu" . (3.38)

Scheme (3.37) may be proved to be second-order accurate and, since M is fully diagonal and
not dependent on the system’s state, it is explicit. An energy analysis is performed by taking

an inner product with §,. u". Using the usual discrete identities, one obtains the balance:

1 1
5t+hn_1/2 = 0, bn—l/? = 5 <(St_un7 M(St_un> =+ 5 <un_17 Kun> . (339)
As in the single-mass case, there is no guarantee that the discrete energy is positive. While
the kinetic energy is non-negative by definition, the potential energy has an indefinite sign.
For the symmetric, non-negative matrix K, a vector equivalent of the discrete-time identity
(3.7f) can be given as:

2

(ee-u”, Ku") = (p-u", Kpy_u") — -

(5t,u”, K5t,u"> . (340)

Substituting this into the energy expression one gets:
n—1/2 1 n n k? n n 1 n n
h = 5 <5t_u ,M(St_u > — Z <5t_u ,K(St_u > + 5 <,ut_u ,K/,Lt_u > . (341)
Thus, non-negativity of the energy overall is guaranteed if:
2

K (5t,un, K(St,un> = <(5t,un, A(St,un> > 0, (342)

((5t,u”, M(St,u"} — Z

where it was defined A £ (M — ’1—2K> Following the bounds (2.51), this translates to:

eig(A) >0, (3.43)
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meaning that A must be positive definite. As in equation (2.56), a modal expansion can be

performed, resulting in a decoupled system
Suw™ = —Q°w", (3.44)
where 22 = M1K. The stability condition then becomes:
k < 2/max(w;), 1=1,2,...,N. (3.45)

where w; are the eigenfrequencies stored into 2. When (3.44) represents a modal system such
as (2.101), the condition (3.45) sets a limit on the number of modes that can be simulated.
As seen in Chapter 2, systems (3.37) or (3.44) may be easily integrated with loss and forcing
terms.

It is important to note that when a continuous modal system (such as (2.101)) is simu-
lated using the integrator (3.44), the previously discussed frequency warping effects arise.
In particular, the simulated modal frequencies deviate from their analytical counterparts,
especially at high frequencies, leading to mode mistuning and perceptual artefacts. This
phenomenon is known as numerical dispersion. To account for such numerical dispersion,
exact integrators of the kind (3.29) and (3.36) can be employed, as done in various works,
see eg. Van Walstijn et al. [213, 211, 216]. Since these integrators are unconditionally stable,
the number of simulated modes in these cases is typically limited by the hearing range, up to
20 kHz.

3.5 First-order ODEs

Many time-stepping schemes are designed for first-order ODEs. Thus, it is helpful to
introduce the use of time difference operators in this context. Consider a generic IVP in the

form:
du

dt

where u = u(t) : Rf — RY is a N-elements vector representing the system’s state as a

+ f(u) =0, u(0) = uy, (3.46)

function of time ¢, and f = f(u) is a function that can be either linear or nonlinear.
The simplest numerical method for integrating this problem is the forward euler (FE)

method, obtained by replacing the derivative with a forward difference operator:

depu” + f(u") = 0. (3.47)
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This method is only first-order accurate, and stability issues may arise, necessitating a stability

condition. By rearranging the equation, the explicit update formula is obtained:
u"tt = —kf(u") +u” (3.48)

Notice that here, only one previous value of the time series is required to step forward in time:
this is a one-step method, contrary to scheme (3.15). One-step methods have the advantage
of being self-starting, meaning they do not require the complex initialization strategies that

multi-step methods often need. Consider the following:
S + f(ppu™) = 0. (3.49)

This is called Midpoint method. It is one-step and can be proved to be second-order accurate.
Furthermore, it is unconditionally stable, meaning it does not require a stability condition.
However, in this case, the function f is evaluated at time-step n + 1, making the method
implicit. If f is nonlinear, the solution requires iterative methods such as Newton-Raphson.

Consider the oscillator in first-order form (2.30). A possible discretisation can be obtained

as follows:

0p X" = (V)2 b(g"p") 2B = S (3.50)
The partial derivative of ) with respect to ¢ is given as:
w oy D@ p") = b(g" p" n
0+ b(q",p") = ( ) = ) = pyq". (3.51)

qn+1 _ qn

The partial derivative with respect to p can be defined analogously. Therefore, the gradient
yields:

(V)12 & [‘;*2] = I H = px", (3.52)
P+

and scheme (3.50) is equivalent to the Midpoint method. The scheme may be initialised by

simply setting ¢° £ wouo and p° = v, without reducing the accuracy order.

3.6 Spatial difference operators

Consider now a function defined on both time and space v = u(z,t) : D x R{ — R, where
D C R. The spatial domain can be discretized like the time domain, using a finite grid
spacing h > 0 at locations x = [h, [ € ©® C Z, allowing the continuous function to be
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approximated by a grid function: v, (t) ~ wu(z,t). Correspondingly, discrete spatial operators,

analogous to those in the time domain, can be defined as:
Tup = w, Cot Uy = Upy1, Ca Uy = Uj_1. (3.53)

From here, the forward, backward and centred spatial difference operators (or FD operators

in space) are defined as:

€pyr — 1 d 1—e, d Cpt — €p_ d
s N — P T — O & T N0~ (354
* h dz’ ' h dz’ ' 2h & O
When applied to a grid function, these operators provide different approximations to the first
derivative:
Ul+1 — W Uy — U1 U1 — Up-1
Opytly = —————, Op U = ————, Optly = —————. 3.55
+Up . uy . Uy 57 (3.55)
An approximation to the second spatial derivative is constructed as:
€rp — 2+ €4
Org & 0py 0y = = (3.56)
Additionally, averaging operators can be defined as:
ery +1 1+e,_ €ry + €p
for = 5= R L =Rl = L (3.57)

The Euler-Bernoulli stiff string equation involves a fourth-order spatial derivative, which can
be approximated using a fourth-order difference operator defined as:

Uppo — dugy + 6wy — duy_q + up_o
h* ’

Notice that this operator has a stencil of width 5. The same considerations regarding
truncation error that apply to temporal operators also hold for spatial operators. Thus, the
forward and backward difference and mean operators are first-order accurate, while the
centred operators and the second and fourth difference operators are second-order accurate.
Moreover, identities analogous to equations (3.6) and (3.7) exist in space as well. In addition,
it is useful to write the following bounds explicitly:

|(5xiul] < 2‘161’/]1, (3593)
|620tty| < 2|0pst|/h < 4|wg| /B2 (3.59b)
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3.6.1 Matrix form

Given that u;(t) is interpreted as a grid function, it can be condensed into a vector, referred
to as the state vector:
A
u(t) = [owe, u g, .. T (3.60)

For now, the continuous function is considered defined over the entire real domain, meaning
D = R and ® = Z; therefore: u € R*. It is possible to define the application of the spatial

difference operators acting element-wise over the entire state vector. For instance:
A
595_11 = [ PN 6x_ul_1, 5x_ul, 5x_ul+1, .. .]T. (361)

The spatial difference operators can then be regarded as matrices acting on the state vector.
Operators 9,1, 0, and d,, may be expressed, respectively, as:

0 0
-1 1
D+—1 -1 1 D‘—1 !
. _h ’ . _h —1 1 )
-1 -1 1
_O _0 |
- 0_
-2 1
1
DQ—DfD‘:ﬁ 1 -2 1
1 =2
_0 -

Here, the subscript - indicates that the boundaries of the matrices are not yet defined. Ma-
trix representations of the mean and fourth-order difference operators can be constructed
analogously, particularly D* = D?D?

3.6.2 Input and interpolation operators

Because much of the interaction between models is considered point-wise, it is important
to introduce the notation used for discrete Dirac delta operators, which are also applicable
beyond excitation, such as in modelling connections between distributed objects. There
are various ways to discretize such a distribution. Consider the excitation location x;, then,

define I; = |2;/h|, where |- | indicates the flooring operation. Possible discretisations of the
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Dirac delta operator can be represented by vectors defined as:

0, l<l;—1
0, < a;(o; — 1) (a; —2)/ — 6, l=1—-1
o & 1 (1—a), =1 5, — 1 (i — D + 1)y —2)/2, 1=1;
o, l=1+1 ai(o; + 1) (a; —2)/ — 2, l=1+1
0, I>1+1 a;(a; + 1) (a; — 1) /6, l=1;+2
0, I >1;+2,

where o; = x;/h — [;. Here, j; uses linear interpolation between the neighbouring points,
while j; performs lagrange cubic interpolation.

Interpolation between points can be useful for evaluating the state of a grid function
u at a specific point x,. To achieve this, one may use the vectors defined above: u(z,) ~

h (j(%))T u, where j(*°) is a generic input vector centred on z,,.

3.6.3 Preamble 3: discrete inner product and relations

Before proceeding, it is necessary to define a form for an inner product between grid
functions. Consider now two grid functions a; and b;, defined over a finite domain ©, so that
l€® =10,1,..., N]. When condensed into vector form, these functions are denoted as a

and b respectively. A discrete counterpart of the L? inner product may be defined as:
N
> haiby = h{a,b)y, (3.62)
1=0
where the vector inner product is that defined in (2.47), and the subscript indicates the domain
of definition of the inner product. The norm is then denoted as:

haTa = hlla||3 > 0. (3.63)

Consequently, the properties listed for the vector inner product also apply to grid functions.
The discrete analogous to integration by parts is summation by parts, which can be

expressed in different variants, such as:

h <a, (Sx,b>® = —h ((5m+a, b>© -+ CLN+1bN — (J,Qbfl, (3643)
= —h (0,44, b>2 + anby — agb_. (3.64b)
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Another version, involving the forward difference operator, is given by:

h(a,d,4b)g = —h(6,—a,b)g + anbyi1 — a_1by, (3.652)
=—h <5x,a, b>§ + aNbN+1 — (lobo, (365b)

where it was defined ® £ [0,...,N — 1] and © = [1,..., N]. The expressions (3.64) and
(3.65) can be obtained through algebraic manipulation. A detailed derivation of equations
(3.64) is provided in [223]. By recalling that §,, = d,,0,_, the above expressions can be
combined to yield:

h <8_7 5mcb>© =h <5ma, b>® + aN5x+bN — bNégH_CLN — Cl()(sx_bo + b()(;x_ao, (366&)
=h <5$$a, b>§ + CLN5$+Z)N — bNém_CLN — aoéx_bo + b05$+a0, (366]3)

where ® = [1,..., N]. Note that these expressions include grid points outside the domain
of definition. This issue must be addressed by imposing appropriate discrete boundary

conditions, as shown later on.

3.7 Discretisation of the 1-D wave equation

3.7.1 Semi-discretisation

Consider the ideal string equation (2.63), defined over the domain D = [0, L] C R. This
domain is mapped onto the discrete grid ® = [0, N] C Z, with N £ | L/h], resulting in
N + 1 discretisation points. The continuous function is then approximated by a grid function

at these discretization points, and the semi-discretised equation can be expressed in vector

form as: &2
u
Energy analysis begins by taking the inner product of equation (3.67) with h%‘:
du d?u du
Ah( —, —= ) =Toh{ —, 0 . 3.68
(- ) = (o), oo

Noting that identities (2.4) hold for vectors as well, (2.4a) may be applied on the left-hand
side. On the right-hand side, consider that §,,, = 0,4 0,_. Then, one may apply summation
by parts as per (3.65b). Finally, using (2.4b), yields:

d du N

—y =T
dtH O at

d
(Sprtiy) — Toﬁ(ém,uo). (3.69)
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Here, the semi-discrete energy ‘H takes the form:

2

du

dt

Toh
6 2, (3.70)

=2 ;

pAh
2

D

which clearly discretizes (2.78) in space. The two components can be identified as the kinetic
and potential energies of the string. Note that the potential energy is defined over the reduced
domain D.

The energy is positive definite, while the boundary terms vanish under the conditions:

ug = 0; uy =0 Dirichlet. (3.71a)
Op_tg = 0; Opruny =0 Neumann. (3.71b)

These are discrete versions of the boundary conditions (2.79) and (2.80), respectively; mixed
boundaries are also possible. Note that the Neumann conditions involve first-order accurate
operators: a version using a centred operator can also be implemented with a different inner
product definition; further details can be found in [24, Chapter 5].

3.7.2 Dirichlet boundaries in matrix form

Boundary conditions can be incorporated into matrix operators. This discussion will focus on
Dirichlet boundaries, which are the most commonly used in this work. Since the endpoints
up and uy are always zero, one may completely avoid storing their values and redefine the

state vector as its interior with dimension N — 1. Thus: u = [uy, ..., uy_1]. Then, one has:

(3.72)

This matrix is rectangular, with dimensions N X (N — 1). The forward operator may be
defined as: D™ = —(D™)T, and has dimension (N — 1) x N. The second difference operator
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18 then defined as:

D=D'D = — (3.73)

which is a square matrix of dimension (N — 1) x (N — 1). Note that the composition is
not symmetric: reversing the product operation would result in a larger operator, conflicting
with the dimensions of the state vector. Furthermore, D™ has a dimension incompatible with
the state vector length and cannot be applied directly but only through composition with
the backward operator. The semi-discretised wave equation in matrix form, with Dirichlet
boundaries, is:

d?u

pA@ = T,D?u. (3.74)

3.7.3 Eigenvalue decomposition of the second difference matrix

It is useful to explicitly write the eigenvalues and eigenvectors of the D? matrix. The
complete derivation may be found in [137, Chapter 2]. The eigenvalue problem relative to
the m-th eigenvector 4, is:

D4, — Ay, =0, m=1,2,...,N —1. (3.75)
The n-th component of the m-th eigenvector is:

™

N[22 _ _mm
(T, = Nsm(nhﬁm), n=12,....N—1, f,= N (3.76)

where [3,, is the wavenumber, and |/2/N is a normalisation factor. The corresponding m-th

eigenvalue is:

4
Am = —— sin®(

). (3.77)

Thus, matrix D? is negative definite, and equation (3.74) can be interpreted as a system
of coupled oscillators, analogous to equation (2.52). Consequently, this system can be

completely decoupled. Being negative definite, D? and admits the diagonalisation:

D? = —UAUT, (3.78)
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where A is a diagonal matrix with elements \,,, and the columns of U consist of the

eigenvectors. Note that the following holds:
0< A\p < 4/h?%, (3.79)

which implies that A is positive definite. Since the eigenvectors are normalised, U is
orthonormal. Then, by left-multiplying equation (3.74) by -5 U~" and defining w 2U M

one obtains:
d’w
dt?

which is a system of decoupled oscillators. By defining ¢>A £ Q2 one retrieves a form

= —Aw

) (3.80)

analogous to (2.101), which may be integrated in time as (3.44), or with the exact integrator
(3.29).

3.7.4 Full discretisation

Time integration of system (3.74) can be performed through the time difference operators
previously defined. To this end, the grid function u(t) is approximated by a time series vector
u”. Then, a FD scheme is obtained by substituting the time derivative with a second-order
difference operator in time:

pAsu™ = TyD?*u”. (3.81)

3.7.5 Stability, consistency and convergence
Stability via energy analysis

An energy analysis is performed by taking an inner product of equation (3.81) with hd;. u™:
pAR{S 0", d,u") = Toh(6,u", D*u™). (3.82)

Note that the subscript indicating the domain of the inner products has been omitted: since
boundaries are now defined, the inner products and norms are understood to operate over the
entire vector length N — 1. One may consider that D* = D*D~ = —(D~)"D". Utilizing
the properties of the transposition operator and applying identities (3.7a) and (3.7b) (which

hold for vectors), the following is obtained:

51 h" 1% =0, (3.83)
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where the energy is written:
Ah Toh
hrot2 = —'02 [|6,—a™||* + —; <D_u"_1, D_u”>. (3.84)

While the discrete energy balance is conservative, the discrete potential energy exhibits an
indefinite sign. To ensure positivity, one may apply the identity (3.6f) and the bound (3.59a),
which leads to:

Ah Toh Tohk? A Tyk?
R e = R ] U RS

Then, the discrete energy expression is non-negative if:

A Tok? Tok?
<p2 - 20}12 ) >0 = h? > /;)7 = A2k (3.85)

This is referred to as the Courant-Fredrichs-Lewy (CFL) condition and links the space and
time sampling steps.
Consistency

An analysis of the LTE may be performed by applying the difference operators to the
continuous function u(x, t) (where the - helps distinguish between the continuous function
and the time series):

7" = (64 — 0pe)u(lh, nk). (3.86)

by Taylor expanding the operators and factorising out the term 97 — 0?2, one gets:

k? k4 ) B "
(1 + 35 (02 +c*0?) + 260 (0f + "0} + P2F) + .. ) (02 — *0?) u =7
Considering (2.63), the left-hand side vanishes, and one has 77" = 0. Thus, the scheme is
exact.

Initialisation: global error

The global error for a space-time grid is defined as:

E!' = u(lh,nk) — uj. (3.87)
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It has been established that the scheme (3.81) is both stable and consistent. Therefore, due
to its linearity, it is also convergent, eliminating the need for further convergence analysis.
However, the LTE is exactly zero when [ is an inner point of the domain, and n is sufficiently
far from the initial state. Indeed, the global error is influenced by both boundary and initial
conditions. As previously discussed, the boundary conditions are discretized using the matrix

D2. Now, appropriate initial conditions must be defined. The initial displacement can be set

simply as:
uf = ug(lh). (3.88)
Similarly to what shown for the SHO, the next step can be initialised with different level of
accuracy:
u} = uf + kvo(lh) (3.89a)
k2c?
uj = u) + kvo(lh) + Tému?, (3.89b)

where the latter was derived using (3.6¢) and the relation: dyu) = ¢?0,,u?. These initial-
izations are expected to yield first- and second-order accurate global errors, respectively.
However, in the ideal string case only, the global error obtained with the second initialization
is reduced to machine accuracy, making the scheme effectively exact. Note that this loses

validity as soon as loss is introduced.

3.8 Discretisation of the complete linear string

3.8.1 Semi-discretisation

Consider now the full linear string model (2.135), defined over the domain D = [0, L]. A
discretisation of the spatial domain, with point-wise forcing centred on z;, yields:

4 d
Y Ty6t — Elydspeett — 2pA (00 — 010,,) d—‘; + @)

A
P a2

F, (3.90)
where the boundaries are not yet defined, and u is defined over the points [0, N] C Z.

Energy analysis begins by taking the inner product of equation (3.90) with h‘é—‘t‘ over the
domain:

du d%u du du .

D
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The inertia and tension terms are treated as for the wave equation. For the stiffness term,
one may consider that 0,,,, = 0,,0,, and apply summation by parts twice as per (3.66b),

obtaining:

du du du
- _ - z;)
’H B —2pAh < , (00 — 01042) r > + h< ; ,_] > F, (3.91)

where the boundary term is:

du du
B = _TO [TO d O((Sw_’do) — C1;V(61+UN>‘|
do, do. d d (5:52)
z—U0 z+UN Uo UN
The semi-discrete energy H is clearly non-negative, taking the form:
pAh du T() EIO
H 2 dt H(sx*uHD 9 H(Sa:qu’D (393)
The boundary term vanishes under the following conditions:
Uy = 0p_Ug = Uy = Opytuy =0 clamped, (3.94a)
Uy = Ogpllpg = UN = Ogpuny = 0 simply supported, (3.94b)
Opztto = —T00,_ug + Elgdy_0pug = 0
’ om0 0 ’ free (3.94c)
5x:ruN = _TO(SeruN + E[051+5mxuN =0

These are a discretisation of, respectively, the clamped, simply supported and free conditions
(2.112), for both ends. Mixed boundaries are also possible.

3.8.2 Simply supported boundaries in matrix form

It is useful to express the finite difference operators in matrix form for simply supported
boundary conditions. Similar to the Dirichlet case, the endpoints are always set to zero,
allowing the state vector to be defined using only its interior points: u = [uq,...,un_1].
The backward, forward, and second-order difference matrices are identical to those defined

for Dirichlet conditions in equations (3.72) and (3.73). The fourth-order operator can be
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represented as:
(5 —4 1 0
-4 6 -4 1
111 —4 6
D'=D’D*= — (3.95)
h 1 1
6 —4
0 1 -4 5

This matrix is symmetric and positive definite, admitting an eigendecomposition with positive
eigenvalues, though their explicit form will not be covered here.
Then, system (3.90), with simply supported boundaries, may be written:

d d
pASE — gu+j@IF, &= (T,D? — EI,D*) — 2pA(0ol — nD) . (396)

dt
where I is the identity matrix of dimension (N —1) x (N —1), and £ is the semi-discretisation
of the linear operator £. Note that, since D? is negative definite and D* is positive definite,
system (3.96) may be again interpreted as a system of coupled oscillators with loss and

forcing.

3.8.3 Full discretisation

The linear string model can now be fully discretised. A FD scheme for equation (3.96) is
written:

pASu" = " + j@F" (= (T,D? — EI,D*) — 2pA (aoat. — ol(sthQ) . (397

where F™ is a time series sampling the input at time F'(nk), and [ is the fully discrete linear
operator. This scheme is only first-order accurate due to the use of a backward operator
for modelling the frequency-dependent damping term. Achieving second-order accuracy
would require a centred time operator, resulting in an implicit scheme. However, since
the frequency-dependent damping term is typically small, modelling it with a non-centred
operator has only limited impact on accuracy [24, Chapter 7].



74 Numerical discretisation techniques and applications to linear systems

The discrete energy now takes the form:

PR (5w, (X~ houD?) )

+ T;h <D_u"_1, D_u”> + El;h <D2u"_1, D2u”> ,

hn—1/2 _
(3.98)

where, once again, the subscript referring to the domain of the inner products is omitted,
and the inner products and norms are understood to apply over the entire vector. The energy

balance is expressed as:
O™ E = —Q" + h (du", j) P, (3.99)
where the loss term has the form:
Q" = 2pAh (5", (ooI — koyD?) §u”) . (3.100)

The stability condition for this scheme can be derived using discrete energy or frequency
domain [223] arguments, and results in the following:

h > \/(401k: + k% + \/(401k + c2k2)” + 16m2k2> /22 h, (3.101)

where ¢ and « are defined in (2.84) and (2.114), respectively.

Notice that the scheme (3.97) suffers from numerical dispersion due to the finite difference
approximation in space (unlike the scheme for the wave equation (3.81), which is exact).
While this effect can be solved for modal systems by employing exact integrators for the
modes, no equivalent solution exists for FDTD methods. The only option is to reduce the
spatial sampling step; however, due to the stability condition (3.101), doing this requires
increasing the sample rate, which is not always feasible in audio applications. Further

discussion on numerical dispersion can be found in [24, Chapter 7].

3.8.4 Distributed bridge termination

In this paragraph, the eigenvalue problem of the model of a string coupled to a distributed
bridge at the boundary, presented in Chapter 2, is solved numerically. To proceed, the spatial
domain must be first discretized. A semi-discrete approximation of system (2.139) is given
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by:
dug 9 )
psAS dt = Ts 5$xus - Esjs 5&:&:1}:{:115 (31023.)
du, (z0)
pPAp dt = _Ep[pézzzzup +.] *F. (3102b)

The string is simply supported at the left end, and the bar is simply supported at both ends;
hence, uy is a state vector defined over a domain D, = [1, N;] C Z, and u,, is another state
vector defined over D, = [1, N, — 1] C Z. The input vector j* is a discretisation of the
Dirac delta operator centred on z;. Next, discrete boundary conditions ensuring numerical
stability are needed. A discretisation of (2.140), (2.141) and the contact condition (2.142)
yields the complete set of discrete boundary conditions:

(ts)o = 0ga(Us)o = Oza(us)n, = 0, (3.103a)

F(t) = =Tibuy (us) N, + Esls601 600 (us) (3.103b)
(up)o = 02z (up)o = (up) N, = 022(up)n, = 0, (3.103¢)
h(3%7) ap = (us)n, (3.103d)

where the single grid points are denoted as: (us); and (u,,);. An energy balance of the beam

equation is obtained by taking an inner product of equation (3.102b) with hdd%, and yields:
d [ pod, |du,|® B ) oy 7 du
< = 5., = n(j®)) =2F 3.104
Hp

Analogously, the energy balance for the string equation is arrived at by taking an inner
product of equation (3.102a) with h%. By employing summation by parts as per (3.64b)

and (3.66a), and considering the boundary conditions one gets:
[ psAs 2 | — M F
dt 2

o dt (3.105)
Then, through the contact condition (3.103d) one obtains: % (Hs + H,) = 0, and passivity is
ensured.

2

dug
dt

15 Eg
+ 5”533+uSH2QS + T”ézxus|
Ds

Hs

By expanding the operators and applying the boundary and contact conditions, expres-

sions for the points of the string outside the domain of definition, (us)x, 11 and (us)n, 12, can
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be derived. Then, one may condense the state vectors into a vector u = [u], uT], and write
system (3.102) in compact form as:

du

— = —-Ku. 3.106

T ( )
The mass and stiffness matrices M and K are symmetric, positive definite block-matrices.
M is defined as:

psAsIg 0

M = 0 (ppApIp + pAsh?j =) (j(ZS))T)] |

(3.107)

Here, I and I, are identity matrices, of dimension (M —1) x (M, —1) and (M, — 1) x
(Mg — 1) respectively. K is defined as:

K —

~T,D? + E,I,D? T
T EoI,DY + (Ty + 25 =) (39)]
S R DESP

(3.108)

where D? and D are difference operators of dimension (Ny — 1) x (Ns — 1), and D} has
dimension (N, — 1) x (N, — 1). All three operators have simply supported boundaries. T
has dimension (N, — 1) x (Vg — 1), and is a composition of a zero-matrix of dimension
(N, — 1) x (N; — 3) with two vectors.

To perform a modal expansion of system (3.106), a discrete eigenvalue problem is
formulated as: MK = —UQ?U, where, as before, U is a matrix of real eigenvectors, and
Q2 is a diagonal matrix of real, positive eigenvalues. Note that, altough both K and M are
symmetric, the product M~'K generally is not. However, since M is positive definite, the
eigenvalues of the product are then real [96], and they must also be non-negative since so are
the eigenvalues of K. The eigenvalue problem may be solved numerically using a fine grid A.
Then, the modal expansion yields a system such as (2.56).

Figure 3.7 illustrates two comparisons of the eigenfrequencies of an isolated string versus
those of the coupled string-bridge system, using different values of F,. It is seen that reduced
stiffness can shift the eigenfrequencies downwards by as much as two octaves in the lower
frequency range. For materials with high £}, like steel, the frequency gap is mostly confined
around the fundamental frequency but can increase by up to two semitones for higher modes.
Figure 3.7 shows the first four, the 10th and the 12th eigenmodes for a steel bridge. It can be
observed that the bridge eigenmodes begin to show a third node only from the 10th mode

onwards.
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Fig. 3.6 Eigenfrequencies of the coupled system compared to those of an isolated simply
supported stiff string, for two different values of F,,. The left value corresponds to typical
steel, while the right value is chosen arbitrarily low for demonstration purposes. Other
physical parameters in common between the two cases are Ly = 0.69 m; 7; = 147.7 N;
psAs = 0.0063 Kg m™'; By = 0.25 GPa; L, = 0.07 m; p,A, = 0.0251 Kg m~'. The
contact point is z; = 0.03 m. Top figures show frequencies in log scale, while the bottom
figures illustrate the frequency difference in cents for the same index. Reproduced from

[181].
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Fig. 3.7 Normalised modes of the coupled string-bridge system displayed and plotted orthog-
onally for visualization purposes. The mode index is indicated by the letter :. The blue line
represents the string, while the red line represents the bridge. The contact point projection
onto the z-axis is marked with a black dot. The physical parameters are consistent with those
listed in Figure 3.6, using £, 1, = 300 GPa. Reproduced from [181].



Chapter 4
Geometric nonlinearities

All the models presented in Chapter 2, along with the corresponding discretizations in
Chapter 3, are linear. These are only approximations of the behaviour of vibrating systems
and lose validity in cases of high-amplitude vibration. In this chapter, the linear models
are extended to account for geometric nonlinearities, arising from large strains. First, the
Duffing oscillator is introduced as a simple case study, extending the concept of the SHO.
This is followed by a discussion on various nonlinear string models, where development
proceeds differently from the rest of the work: starting with the most complex model and
deriving simpler forms through simplifications. Finally, numerical integrators are presented;
in particular, the SAV method will be introduced here.

4.1 The Duffing equation

The Duffing equation represents a linear oscillator with an added cubic restoring force. It
arises in various scenarios, such as a pendulum with moderately large vibration amplitudes

[231]. The equation is given by:

d?u

P —wpu — yu®, 4.1)

where v is a constant that controls the degree of nonlinearity in the restoring force. As
outlined in Section 2.1, the potential is assumed non-negative; thus v > 0, which defines a
hardening nonlinearity. The softening case, where v < 0, will not be addressed here. As for
the SHO, an energy balance is computed by left-multiplying equation (4.1) by m%, leading

to:

2
Ku? 4
d m <du> u myw” 42)

—H = H=—[(=—=
dt 0, 2 \ dt 2 * 4
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The balance is passive; thus, the solution may be bounded with (2.9).
In the undamped, unforced case, with no initial velocity, the Duffing equation admits an

analytic solution in terms of Jacobi elliptic functions:

2
_ yug

t) = Vwl + yudt; — 0 43
u(t) = ug Cn< wg + yud o 2w§> : (4.3)

where cn(z; a) is the Jacobi elliptic function of argument z and parameter a, and uy is the

initial condition.

4.1.1 Potential quadratisation

Following (2.16), the potential in equation (4.2) may be written as:

_Ku2
2

4
+ ¢a(u), Pa(u) = A

V(u) 1

4.4)

DO ™

Here, € > 0 is an arbitrary constant that shifts the minimum of the potential without affecting
the motion. Due to its non-negativity, the nonlinear part ¢q may be quadratised through an

auxiliary variable 14, as seen in equation (2.17). The energy can then be re-expressed as:

2
m (du Ku? 2
H=— (- — 4+ 4 4.5
2 ( dt ) + 2 + 27 (4.5)
and, using the definition of g from (2.18), the equation of motion (4.1) becomes the system
of equations:
d?u di)g du yu?

(4.6)

KTE u — aga, TP TR 9ga s

The system above is linear in v and v and can be solved efficiently using numerical methods,
as will be shown later. The system can be extended to include loss and forcing terms, as
was done for the SHO in Section 2.2.3. However, the analytic treatment of the lossy, forced
Duffing oscillator is beyond the scope of this work; interested readers can refer to [148,
Chapter 11] for further details.
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4.1.2 Simulation
Three possible numerical schemes for the Duffing equation (4.1) are:
—y(u")?
Opu" + wgu” = —/y(u”)zlut,un . 4.7

b ((u")?) peu”

Through Taylor analysis, it may be proved that all three schemes are consistent and second-

order accurate. When expanded, they become:

umt = (2 . kQWS _ kzﬁy(u”)2> ut — unfl’ (4.82)
]{32 n)2 k2 n\2
2 2
1 27.2 7k72 1\2 14 1
gu™) = (2= wigh?)u' — (14 (@) ™ & ft ), (480)

where

g(u

/{32 /{32 n—1 k’2 n—1\2
nt) & %(unﬂf + %(unH)Z + (1 + 7(1)> ut

The first scheme is fully explicit. The second scheme is said to be linearly implicit, requiring
division by a state-dependent coefficient at each time step. The third scheme is fully implicit,
as it requires the solution of a nonlinear algebraic equation at each time step. In this simple
case, the computational costs of the first two schemes are relatively comparable; however, in
the distributed case linearly implicit schemes become significantly more computationally
expensive than explicit ones. The third scheme requires substantially more computational
effort, even in the lumped case, as solving it generally involves iterative methods, such as
Newton-Raphson, which present various challenges, as discussed in Chapter 1. Through
energy analysis, it can be shown [24, Chapter 4] that scheme (4.8a) does not possess a
non-negative form of discrete energy and is thus prone to instability. In contrast, the other
two schemes have a non-negative, nonlinear discrete energy, ensuring stability.

Consider now the quadratised system (4.6): following [28], a possible discretisation

scheme is given by:

St = —wiu™ — pesy g8, (4.92)

S hi T = gns,un. (4.9b)
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Here, wg*” ? is treated as an independent time series updated at each time step, defined on
a staggered grid. This defines a three-step scheme, where g} can be computed analytically
from (4.6) as:
V2yu™ ce=0
n 3
v (u")
v (u)t )2+

(4.10)

a5
Il

9 otherwise

where the - indicates that the gradient has the analytic form (this notation will turn useful
later on). The scheme is consistent and second-order accurate, as all operators are centred. A
discrete energy balance is obtained by left-multiplying equation (4.9a) by ,.u":

(Gru™) (Bu™) = = (O™ u" = (peay %) (Bruf) g™ (4.11)
By substituting (4.9b) and using the usual discrete identities, one gets:

n—1/2)2
rol2 A (6i_u™)?  wiu"e_u” N ( d )

2 2 2 ’

o h" 2 =0, (4.12)

which has the dimension of energy scaled by the mass. Due to the quadratisation, the discrete
nonlinear potential remains positive, and ensuring the positivity of the linear potential leads
to the stability condition (3.20). Expanding out the operators in (4.9) and substituting the

second equation into the first yields:

()

which forms a linearly implicit update procedure. Scheme (4.9) forms the core of the

ut = (2 — w§k2> u" + 5

AN _
(gd> —1] W kR (4.13)

IEQ/SAV approaches, which coincide in the lumped case. The scheme must be integrated
with suitable initial conditions, which in this case may be simply set using the true solution
(4.3).

It was shown that the scheme (4.9) is consistent and stable; however, since it is nonlinear,
this does not directly imply convergence. A detailed convergence analysis is provided in
[231], where the convergence rate is examined for various values of €. The study shows
that the scheme converges when € # (0. Moreover, when the shift is selected near certain
numerically determined optimal values, local variations in the convergence rate are observed,
reaching up to twelfth-order accuracy. In contrast, the scheme fails to converge when
e = 0. Figure 4.1 presents a comparison between the numerical solution obtained using

the quadratised scheme (4.9) and the exact solution (4.3). The bottom panel displays the
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Fig. 4.1 Analytic and numerically computed solutions of the Duffing oscillator with param-
eters wy = 300 rad/s, v = 100, uyp = 10 m, and vy = 0 m/s. In the numerical scheme,
€ = €, wWhere ¢, denotes machine epsilon in double precision. In the top panel, the solid
line represents the exact solution, while the dashed line shows the computed solution. The
bottom panel illustrates the evolution of the global error over time.

evolution of the global error between the two solutions, highlighting discrepancies not visible
in the top panel. The global error is defined as in (3.26), where now u(nk) represents the
exact solution (4.3) at time nk. Although the error accumulates over time, testing reported in
[231] ensures convergence.

It is important to note that the findings from [231] are empirical and specific to the
Duffing equation. In particular, initial studies on PDEs suggest that simply adding a shift to
the potential energy does not ensure convergence in all cases. An alternative method, based

on constraining the auxiliary variable, will be presented later in this chapter.

4.2 Geometrically exact string

In Chapter 2, a model of linear string vibration, including the effects of stiffness following
the Euler-Bernoulli theory of beams and frequency-dependent damping in the time domain,
was presented. When the displacement increases, the deflection angle becomes large, and
the linear model is no longer valid. In such cases, geometric nonlinearities arise, and an

accurate model must account for the longitudinal displacement of the string along the x axis,
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u(x)

v

—>

v(x) x
Fig. 4.2 Transversal and longitudinal displacements in a nonlinear string.

as illustrated in Figure 4.2. In [152, Chapter 14], Morse derives a model usually referred
to as geometrically exact, taking into account motion in two polarisations in the transverse
plane. It is common to restrict the motion to one polarisation only [24, Chapter 8]; in that

case, the model, including loss and forcing in the transverse plane, may be written as [78]:

(pAD? — L) u = 0,0cc + T, (4.14a)
(pAD} — L£,) v = 0:0¢dc, (4.14b)

where it was conveniently defined: ¢ £ d,u and ¢ = 9,v. Here, u = u(x,t), v = v(z,1) :
[0,L] x R — R represent the transverse and longitudinal displacements of the string,
respectively. The linear transverse operator £ was defined in equation (2.135), while the

linear longitudinal operator L, is given by:
L, = Ty0? — 2pAd;0;, (4.15)

and includes a frequency-independent loss term regulated by a constant 0;. The quantity
da = 0a((,€) : R x R — R{ is the nonlinear potential density due to large strains, and is
given by:

 FA-T,

5 < (1+§)2+§2—1>2. (4.16)

¢
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Note that this form differs slightly from the one derived by Morse; however, the two are
mathematically equivalent, and one can switch between them through some algebra [28]. The

potential density is non-negative under £’ A > Tj, which is always true for musical strings.

4.2.1 Energy analysis

An energy balance is obtained by taking an inner product of equation (4.14a) with 0,u and

equation (4.14b) with ;v over the string length:

pA (D, OFu) = (D, Lu) + (Dpu, 0:0cbc) + (O, o), 4.17)
pA (0, 070 = (O, Lov) + (90, 0x0edc) - (4.18)

Summing the two equations, applying integration by parts, and using the chain rule

d
%= 9:C0cpa + 0§ 0:da, (4.19)
leads to the energy balance:
d
1= Bu+ B, —2pA (ool Ol + o1 |0iC |1 + aul|Or]|?) + P, (4.20)

The boundary terms are given by:

=L

B, = [B + 0ud:éc] , 4.21)

z=L
T

=0

. By 2 [T060w + 0vdeoa] |

=0

where B is the linear boundary term obtained in (2.133). The total energy is expressed as:
_ pA 2 2 1o 2 2 Ely o 1o
H = (10l + 100117) + 5 (I + 11el?) + =202l + @a,  (422)
where it was defined the total nonlinear potential energy as:

e

Under simply supported boundary conditions for the transverse component and fixed condi-

2 ¢
+ 5 (4.23)

tions for the longitudinal component, the boundary terms vanish, making the balance (4.20)
passive in the unforced case. Additionally, the energy remains positive and well-defined
due to the non-negativity of the nonlinear potential density. Thus, bounds on the transverse
solution size, analogous to (2.81) and (2.111) may be derived, with analogous bounds on the

longitudinal component v following, where the initial energy Hy = H(0) is now computed
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from (4.22). As in the linear case, under simply supported boundary conditions, bounds on
the solution, as well as its derivatives, may be derived. The formulation of the quadratised
equations of motion in the spatially distributed setting will be postponed until after spatial
discretisation, to highlight the differences between the IEQ and SAV approaches.

4.3 Morse-Ingard strings

In the case of moderate amplitude motion, simpler forms of the nonlinear string equations
can be obtained through potential density approximations. To illustrate this, it is convenient

to rewrite equations (4.14) in the form provided by Morse:

pAdiu = EAD?u — ELyOiu — 2pA(og — 0102)0u — (EA — 1) 0,0, 9 + Fe, (4.242)

pAdiv = EADI0 — 2pAci0w — (EA — Ty)0,0: 04, (4.24b)
where:

g = (1+E2+2-1-¢ (4.25)

Since the elongation is small, the potential density can be expanded in a Taylor series around

¢ = & = 0. Truncating the series to the fourth order yields:

by =gty (4.26)

This form is the standard approximation provided by Morse in [152, Chapter 14], and
sometimes called MI string. Bank employed only the third-order term: —&¢?/2 while
retaining only the second-order term (2 /2 decouples the motion. It was shown [23] that both
forms, by Morse and Bank, yield energy with an indefinite sign, exposing the system to
stability issues.

4.3.1 Anand’s form

Anand’s form is obtained by truncating the last term in (4.26):

AV M+ S N (4.27)
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It is accurate up to the third order and possesses non-negative energy. Substituting expression

(4.27) in place of ¢, in equations (4.24) yields:

EA-T,
2

pAdIv = EAD*v — 2pAci0v +

(pAG? — L) u = 0. (C* +2¢8) + 7., (4.282)
EA-T,

5 0xC%. (4.28b)

This system has been used in various works; see Chapter 1 for a comprehensive list. An

energy analysis demonstrating stability may be found in [23].

4.3.2 Transverse-only system

An additional approximation involves considering only the transverse component of the
system by assuming v(x,t) = 0. While this simplification is not physically motivated, the
resulting system is a useful test case for numerical methods. In this case, the potential density
simplifies to: , ,

et -t

and the governing equation becomes:

(4.29)

EA -1

(pAD? = L) u =2, ( 53> YT (4.30)

This system will be referred to as "System T" in the rest of this work.
An energy analysis under simply supported boundary conditions can be derived by means
of (2.4¢), yielding a passive balance identical to (2.136), where the energy takes the form:

A T ET
= Bl + 2SI + S 102ull? + . (431)

The total nonlinear potential energy takes the form:

EA T,
i — 1P+ (4.32)

Thus, the energy is non-negative (under the condition £ A > Tj), and the solution may be

bounded in terms of the initial energy.
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4.4 Kirchhoff-Carrier string

Consider again Anand’s form in equations (4.28). When T,/ EA < 1, the inertial term 0?v
may be neglected. Then, assuming fixed boundary conditions for the longitudinal motion,
the system can be reduced to a single equation by integrating (4.28b) over the string length,
yielding:
EA
(pA0% — £) w = 0. (SICIC) + . 4.33)

The full derivation can be found in [5]. This model is commonly referred to as Kirchhoft-
Carrier string and will be called "System K" from now on. It is simpler than all those
considered above, System T included. Here, the nonlinearity is averaged over the string
length and thus represented as a scalar quantity. This nonlinear component links the wave
speed to the total string length, resulting in pitch glide effects. An energy analysis, under
simply supported boundary conditions, yields again the balance (2.136), with energy

H

pA T EI
P 0wl + I + S 02ull + (434)

where: A
€
Oy = —|IC|I* + =. 4,
k=5 Il + 3 (4.35)

Again, the solution may be bounded in terms of the initial energy.

4.4.1 A modal form

As seen in Chapter 2, linear and time-invariant systems can be described in the frequency
domain, where the motion is decomposed into independent contributions from various
modes, each associated with a specific modal shape and eigenfrequency. However, as
noted in Chapter 1, when a nonlinear system is projected onto a modal basis, such as
those from Chapter 2, the resulting equations are typically densely coupled, impacting
simulation efficiency. Nevertheless, a modal expansion can still be attempted on System K by
leveraging the spatial invariance of the Kirchhoff-Carrier nonlinearity and using the modes
of a simply supported linear string. To this end, consider a separable solution of the form:
u = xT(z)w(t), where x represents the normalised modes, as in (2.122). Substituting this
separable solution into equation (4.33), with point-wise forcing centered on z;, and taking an
inner product with another set of modes 'x yields:
d*w dw E

F
— = —-®’w-C—+ — (w,Sw)S i)~ 4.36
pTE w m + 7, (w, Sw) Sw + x(z )pA’ (4.36)
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where I is a time-dependent forcing term as seen in equation (2.137). Here, 22 is the

eigenfrequencies matrix (2.123), C a diagonal damping matrix, and S is a diagonal matrix

mm\ 2
— (T 4.
Smm ( 7 ) , 4.37)

where m is the mode index. An energy analysis is now performed by left-multiplying

with elements:

equation (4.36) by pA¥™ Jeading to:

d dw _ dw dw
—H =—pA({—,C— —_ ) ) FL 4.
” p <dt,Cdt>+<dt,x(xz)> (4.38)
The energy has the form:
_pA Jdw dw\ T Ely 2 z
where the modal nonlinear potential is defined as:
= A FA 2 £
Pk = <L (w, Sw)” + 5 (4.40)

In the absence of external forcing, the energy balance is passive, and the energy remains

positive, allowing for a bound on the solution. Thus, the system is stable.

4.4.2 Double polarisation

System (4.33) may be extended to account for motion in double polarisation. To this end, the

two functions u; and uy are defined, representing the string motion along the y and z axis,

2
G
;

where (1 2 = 0,u1 2, F is a two-component vector directing the force in the two polarisations,

respectively. Then, the equation reads:

G

+F., 4.41
G (4

(pAD? — L) 0 ur| EA
0 (pA? - L)| |uy| "\ 2L

and the inner product for vectors of functions was defined in (2.72).

A modal representation can be used for the double polarization system (4.41) as well,
adopting the linear, simply supported modes for each polarization. Both functions can be
written as u; = x'w; and us = XxTwsy, where w; and w, are two independent sets of

functions describing the time evolution of motion in the modal domain for both polarizations.
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Performing a modal expansion, with point-wise forcing, yields:

iz W1 _ Q0 W1 _ C o0 i W1
de2 |we| |0 Q| |ws 0 C|dt|w,
(4.42)
E S 0 S 0 Fix(z)| 1
+ 5 bl wl] . N R e I
2Lp 0 S| |wa| |0 S| |wa| |Fx(z)|pA

where F}, F5 are time functions regulating the amount of force in both polarisations. The

stability of both systems (4.41) and (4.42) may be confirmed through energy analysis.

4.5 Simulation of nonlinear transverse string vibration

The previous paragraphs introduced two models for nonlinear, transverse string vibration:
System T (4.30) and System K (4.33). The literature presents two second-order accurate,
conservative numerical schemes discretising these systems. The first, concerning System
K, is described in [24, Chapter 8]. It involves an update relation requiring the inversion of
a diagonal matrix with a rank-one perturbation, which can be solved efficiently using the
Sherman-Morrison formula [189]. The second scheme, solving to System T, is detailed in
[23] and results in a linearly implicit method that requires the inversion of a sparse, state-
dependent matrix at each time step. However, both schemes are model-specific, meaning
they had to be individually designed for each problem. In contrast, quadratised schemes
offer a unified discretization approach, allowing for a highly efficient update process across
different systems. Hence, it is interesting to explore the use of quadratised schemes to
develop a general numerical framework for nonlinear transverse string vibration and compare
their performance with existing reliable schemes. Note that this paragraph also serves as an
introduction to the SAV quadratisation technique as applied to spatially distributed systems.
The results presented here also apply to other types of nonlinearities, as will be demonstrated
later.

First, the models may be expressed in a generic form:
(pAO} — L)u = F, + F., (4.43)

where here F, = F.(() is a force density representing the conservative nonlinear contribution.
When F, takes one of the following forms:

EA—TO(:,))’

Fic = 0, (%HC!PC) G (4.44)
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equation (4.43) corresponds to System K or System T, respectively.

A spatial discretisation of equation (4.43), with simply supported boundaries and point-
wise forcing centred on x;, can be performed using the operators outlined in Chapter 3. This
results in a state vector u of dimension N — 1. It is useful to express the semi-discrete
equation in terms of the nonlinear potential rather than the force density. By applying the
chain rule and taking into account the transposition properties of the difference operator, the
relation

D'V, = -V, (4.45)

is obtained, leading to the following general form:

d? 1
A— — = D'V, 0, +j"F 4.46
<p 7 S)U N Ve, +j"F, (4.46)
where the discretised version of (, of size N, is given by: { = D™ u, and the gradient with
respect to the vector ¢ is defined as:

Ve=1[00,. 0. (4.47)

The approximation of the linear operator, £, follows from equation (3.96), and @, is a
suitable spatial discretisation of the nonlinear potentials @k, ®1. In particular, possible
approximations of (4.35) and (4.32) are:
EAR? £
Ok = ¢4 =
k= g7 (€76)"+3
(EA—"Ty)h

Or = f(@)%z +

(4.48a)

€
= 4.48b
5 ( )
where, in the latter equation, the power operator indicates element-wise raising.

A semi-discrete energy balance is obtained by taking an inner product of equation (4.46)
with h%‘. Using the chain rule and the definitions of the difference operators, the following
relation is obtained:

do.,
dt

a¢ du
= D,)—= = (-D"V:D,)—. 4.4
(Ve = (~D* Ve )T (4.49)

By applying this result and integrating by parts, the energy balance (3.91) is obtained,

which remains passive under simply supported boundaries and no external forcing. The
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semi-discrete energy is now given by:

pAh

,H:‘du

dt

Elyh
2

2
Toh
+ —g 1¢| + |D?ul + ®.. (4.50)

2

where the norms are taken over the entire vector length.

4.5.1 Potential quadratisation in a distributed system

It is now possible to introduce quadratisation in the distributed setting. There are two distinct
strategies available. Using the IEQ approach, one applies quadratisation to the discrete

potential density. For example, in the case of System T, this density may be written as:

EA-T, ¢l

3 5
where, again, the power operator indicates element-wise raising. Since this quantity is
represented as a vector, the corresponding auxiliary variable is also a vector. This yields a
linearly implicit scheme, which requires the inversion of a state-dependent matrix at each
time step. Although this approach improves upon solving a fully implicit method, it still

impacts efficiency. Alternatively, quadratisation can be performed through the following

0. 2\ 20, 4.51)

which here is well defined, given the non-negativity of both @k and ®~. This approach

transformation:

introduces a scalar auxiliary variable 1., which forms the basis of the SAV approach. This
lumped variable significantly improves the efficiency of the numerical solution, as will be

seen shortly. After the quadratisation (4.51), equation (4.46) can be expressed in terms of 1),:

(ij; - £> u = —;w*g* +J (4.52)
where it was used:
D'V 0, = —V,0, = ), Vyth, £ —1.g.. (4.53)
The chain rule gives:
. _ ,rdu (4.54)

dt dt
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The energy balance is unchanged, while the expression for conserved energy becomes:

pAh

7_[:‘du

dt

Elyh
2

wZ
?7

2
Toh
+ =5 ISl + =5 IDu| + (455)

2

which is clearly non-negative.
This procedure may be applied to the modal scheme (4.36) too, through the quadratisation
of the potential (4.40):

Uk £\ 2Pk (4.56)
Then, equation (4.36) becomes:
d*w 5 dw - _ F . . .
gz = WG —Ukgk + x(:rz-)p—A, gk 2 Vi, (4.57)

which is analogous to (4.52). A non-negative energy follows also in this case.

4.5.2 Time discretisation: SAV update

A possible time discretisation of system (4.52), based on the SAV method, is a vector version
of (4.9) and is written:

1
(pAST = u" = —— 12l 4 JEV P, (4.58a)
5t+wf_1/2 = (gy)Topu". (4.58b)

The second equation discretises the chain rule (4.54) and serves as the update for the auxiliary
variable. Here, [ is a suitable discretisation of the linear operator, which can be implemented
as in equation (3.97). The energy balance remains the same as obtained in equation (3.99),

and the discrete energy now takes the form:

b/ = p’;lh (6w, (I - koyD?) 5,_u")
n—1/2\2 (4.59)
R

Since the nonlinear component only adds a non-negative term to the linear energy (3.98), the

stability condition is governed by the linear part and remains the same as given in equation
(3.101).
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An update equation for scheme (4.58) is obtained by expanding the operators and substi-

tuting the second equation into the first one, obtaining:

A:un-‘rl —_ bn’ (4603.)

b = Bou" + Cou" '+ oo (Gl (g)Tun ! — gyl ) IR (4.60b)

The matrices take the form:

n k2 n(.n
AL =T+ o8 (807 (4.61a)
B. = o 21+ (D 4 20k) D? — ZLEED1] (4.61b)
C. = 2 [(00k — DI — 20,kD?] (4.61c)

System (4.60) is linearly implicit, as solving it requires inverting a full, state-dependent
matrix at each time step. However, the update matrix A7 is in the form of the identity matrix
plus a rank-one perturbation, and it may be inverted through the Sherman-Morrison formula
[189, 28]. Thus, the following update form is obtained:

k2 n n n
1pAh(11ook) B+ [(g7)"b"]

k2 n n)
L+ anttroon (8%)" &F

u"tlt =p" — (4.62)

which is fully explicit, allowing for a significant reduction in computation time. Once (4.62)
is solved for u™*!, ¢"™/? can be computed via (4.58b) as:

R CAA O § (4.63)

Note that, although this result was derived starting from Systems T and K, the update
(4.62) is entirely independent of the specific form of the nonlinearity g'. Consequently, this
formulation can serve as a numerical solver for any model of transverse string vibration
where the linear part is time-invariant. The only system-specific variation lies in the discrete

nonlinear potential, which can be computed at each time step n as

g = Vu 0/ /207, (4.64)

where the bar indicates that the gradient is computed analytically.
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For Systems K and T, the analytic gradients take the forms:

EA
gr = ThD2u", (4.652)

(EA - Ty)hD™ (¢")°
2B (¢ (¢ + e

=no

gr =

(4.65b)

Note that, for System K, the denominator simplifies when € = 0, which also eliminates the
risk of division by zero. On the other hand, the potential cannot be simplified for System
T, and a nonzero € must be used. The system needs to be initialised by setting appropriate
initial conditions. One may set v’ = u(0), and a technique for retrieving a second-order
accurate value for u', based on Taylor arguments, is detailed in Chapter 3. The auxiliary
variable can be then initialised at time-step n = 1/2 with: ¢'/2 = /2@ (p;, u°).

The modal system (4.57) may be integrated in time analogously, writing:

. e 1/2 o 1 .
(0w = 1) w" = —p i g + p—Ax(xi)F , (4.66a)
St P = (g Tow", (4.66b)
where:
[=-0%—Cq, , (4.67)

and I is the identity matrix of size M x M. The modal gradient g" can be computed
analytically by evaluating the potential (4.40) at time step n as: g" = Vw@?( / 2@%. An
energy analysis is run by taking an inner product of (4.66a) by pA(d; w") and yields the
stability condition (3.45), setting a limit on the maximum number of modes M. Alternatively,
the exact scheme in (3.36) can be used to integrate the linear part, eliminating the need for
a stability condition and avoiding numerical dispersion issues. In this case, a limit on the
number of modes may be set up to the hearing range. A scheme of the form (4.66) can be
expanded to obtain an update equation entirely equivalent to (4.60).

The same procedure can be applied to simulate the double-polarisation strings in (4.41)
and (4.42).

4.5.3 Numerical testing
System K

Figure 4.3a displays the time solution, the energy error and the spectrogram of system (4.58),
with potential (4.65a). Here, the energy error must be defined so that the total energy takes
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Fig. 4.3 (a) Waveform, energy error and spectrogram of system (4.58) with potential K. The
algorithm is run at OF = 10.

(b) Convergence test for system K. The target solution is obtained at OF = 512. The SAV
scheme is run at OF = 2%, with a = [0, 8] integer. Two reference lines are included for
comparison: a dash-dotted line with a slope of —1 and a dashed line with a slope of —2.
Physical parameters are: p = 8 x 10° Kg/m?3, T, = 75 N, A = 3.97 x 107" m?, E = 174
GPa, 0y = 0.92, 0y = 2.86 x 107, The output point x, = L /2 is located at the midpoint of

the string. The system is initialised in its first mode of vibration, with an amplitude of 1.5
cm.
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into account the accumulated dissipated power; thus, it is expressed as:

AH™2 =1 — (Hg %)/ (512, ARG NETNS glo0 (4.68)
v=0
The second plot shows that the energy is indeed conserved, with an error within the order of
machine accuracy. The different zooming times on the third panel highlight the pitch glide
introduced by the nonlinear term, and the nonlinear behaviour is further emphasized by the
appearance of two additional peaks in the spectrum.

A convergence test is performed similarly to that for the SHO in Chapter 3, and dis-
played in Figure 4.3b. Unlike the oscillator case, no analytical solution is available here.
Instead, a target solution is computed using the integrator from [24, Chapter 8], with a high
oversampling factor (OF). The OF is an integer number such that the final sample rate is
OF x f,. Here, it was chosen f, = 44.1 kHz. The global error is then calculated between
the target solution and the solutions computed with system (4.58), run with an increasing
OF. The first panel of Figure 4.3b represents the global error of scheme (4.58), computed
at time nk = 0.03 s and plotted on a logarithmic scale with two reference lines of slope —1
and —2. The global error is defined in equation (3.87), where now w is the target solution,
and [h = x, = L/2. The second panel shows the evolution of the error over time for three
solutions computed at different sample rates. An increasing offset of 5 x 1078 is added to the
plots for improved readability. Since the spatial sampling step is linked to the time step from
the stability condition (3.101), the global error is plotted against 5, which was chosen so that
h = 1.01h, following the rule of thumb #4 reported in [24, Chapter 8]. A comparison with
the reference lines shows that the error decreases with order ~2, confirming that the scheme is
convergent and second-order accurate. Similar results were obtained with the modal scheme
(4.66). Note that, in this case, unlike the Duffing oscillator, convergence is achieved even
with e = 0.

System T

Figure 4.4a displays the time evolution, energy error and spectrogram of system (4.58),
with potential (4.65b). This potential introduces stronger nonlinear behaviour, which is now
clearly evident in the time domain plot. Energy is still conserved despite the error presenting
more oscillations than in the previous case. The same convergence test used for System K is
applied here. The target solution is computed using the integrator proposed in [23], run at a
high OF. Results are displayed in Figure 4.4b. In the second panel, an increasing offset of
5 x 107% is added to the plots to improve readability. The time evolution of the error shows

higher oscillations compared to System K. However, second-order accuracy is still evident in
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Fig. 4.4 (a) Waveform, energy error and spectrogram of system (4.58) with potential T. The
algorithm is run at OF = 10.

(b) Convergence test for system T. The target solution and the SAV scheme are run at the
same OFs listed in Figure 4.3b.

String parameters are as listed in Figure 4.3. The system is initialised in its first mode of
vibration, with an amplitude of 1 cm.
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the first panel, confirming the numerical convergence of the SAV algorithm. Note that an
arbitrary potential shift ¢ = 3 x 107° was set in all tests.
During testing of System T, anomalous behaviour of the corresponding auxiliary variable,
%71/ 2, was observed, which is reported in Figure 4.5a. In this test, System T was run
with OF = 10 and initialized with two different amplitudes, using the same potential shift,
now set as € = ¢,,. It can be noted that ut+¢%_1/ ? exhibits a sign flip and fails to decay to
its theoretical minimum +/¢ for the higher initial displacement, instead showing long-term
drift. This leads to unnatural behaviour in longer simulations. The issue is significantly
reduced when using higher oversampling factors. However, employing very high sample rates
diminishes the advantage of the SAV approach, as it compromises real-time computation.

Notably, this issue was not observed in System K.

4.5.4 Psi constraint

Problems similar to that observed in Figure 4.5a have been encountered in other studies
[120, 216] when using SAV. Extensive research on this topic has been conducted, particularly
in collision modelling. It is known that consistently using the analytic value g7’ can lead to
anomalous behaviour in the auxiliary variable zbf_l/ 2, which, along with other problems,
exhibits spurious sign flipping [216], causing the resulting force to be oriented incorrectly. In
that study, which focuses on collisions, Van Walstijn et al. propose a solution by imposing

the constraint ¢ '/

> 0. This results in a quadratic equation yielding a scaling factor for
g". Here, in order to tackle the issue observed in Figure 4.5a, a similar method is developed,
based on the constraint:

pep b2 > 0. (4.69)

Indeed, from (4.58a), it can be noted that if 14, 1)% /2 remains positive, the sign of the force
is determined solely by g, ensuring the correct orientation of the nonlinear force density F..

By expanding the mean operator and considering equation (4.58b), the constraint becomes:

1
200724 S (g1)T (W —u ) >0, (4-70)

Then, one may substitute the update form (4.62) in place of u"*! and solve for g, obtaining:

42 (gl)T (Bu 4 Cu ! —u ) > 0, *71)

Now, define
gl = vgl, (4.72)
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Fig. 4.5 (a) Decay of ,unr’}_l/ ? over time for System T. The string was initialised with
increasing amplitudes of 1 and 3 cm, and the scheme was run with OF = 10 and € = ¢,,.
The string physical values are as in Figure 4.3.

(b) Decay of ,un%_l/ ? over time for System T with the constrained gradient (4.72).
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Fig. 4.6 Spectrograms resulting from the simulation of System T with external forcing, using
(a) the integrator from [23], (b) SAV with the analytic gradient (4.65b) (c) SAV with the
constrained gradient (4.72). The string physical parameters match those in Figure 4.3. The
force amplitude and duration are set to f,mp = 5 N and A = 2 ms, respectively, with the
input applied at 2; = 0.8L. The output point, x, = L/2, is located at the string midpoint.
The schemes are run with OF= 2, ¢ = ¢,, and h = 1.05h.
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Fig. 4.7 Behaviour of [Lt_;,_@/b?%_l/ 2 (a) without and (b) with the constraint applied, under
external forcing. Simulation details match those described in Figure 4.6.
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where vy is a scalar, and g is the analytic gradient. Then, (4.71) becomes a first-order,
scalar inequality in 'y. The linearity of the expression guarantees a unique solution under the
condition:

y>—4"2/3 34 (g))" (Bu"+ Cu" ! —uY) (4.73)

Equation (4.73) yields a scalar multiplier for g, to be applied when (4.71) is not satisfied
for g = g”. Thus, y is set as:

194@[)3_1/2 _ n—1/2
N 3£ 0& 3 < —4 (4.74)

1 otherwise,

where ¢ is a scalar multiplier that allows for shifting condition (4.73) away from the equality
limit. Unless otherwise specified, it is set 1 = 1. Note that the second term in 3 corresponds
to the linear string update minus the string state at time instant n — 1, and it vanishes only
when these two are equal.

Running the same test reported in Figure 4.5a on System T, using the constrained gradient
form (4.72) yields the results illustrated in Figure 4.5b. It can be observed that the method
effectively corrects the behaviour of the auxiliary variable.

As a second test, System T is excited by an external force and run with a lower OF
to observe the effects of applying the constraint in a more typical simulation setting. The
external force is pointwise, centred at x;, with the time function modelled as a half raised

cosine to simulate a pluck:

Feo(z,t) = 8(z — 2;)F(t), F(t) = 28 4.75)

0 otherwise

Fampsin® (FEFD) 1, <t <o+ A

where here, f,np 1S @ maximum amplitude in N, £, is the start time of the pulse in s, and A is
the duration in s. The simulation is run first using the integrator from [23] as a reference, and
then using SAV both with the analytic gradient form (4.65b) and the constrained form (4.72).
The simulation results are presented as spectrograms, respectively, in Figures 4.6a, 4.6b and
4.6c. It is possible to observe that scalar auxiliary variable (SAV) with the analytic gradient
fails to reproduce the behaviour from Figure 4.6a, while applying the constraint significantly
improves the results. The behaviour of the auxiliary variable for System T, ,ut+1/13}_1/ ? as
shown in Figures 4.7a and 4.7b, reflects these results. Without the constraint, the mean of
the auxiliary variable becomes negative, leading to an incorrect sign for the nonlinear force

density. Conversely, Figure 4.7b demonstrates that the constraint effectively maintains a
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positive sign for the mean of the auxiliary variable. Audio files for this test are available on
the companion page.

Testing on the global error report similar results to those obtained without the constraint,
indicating second-order convergence of the system with the constraint applied. Nevertheless,
further evaluation is required to assess the performance of this technique in different scenarios.
Particularly, two factors significantly influence the accuracy of the final result: the shift from
the value h and the potential shift . Both were observed to play a major role in the
final outcome but were chosen arbitrarily in these tests. Still, for System T, second-order
convergence was observed across different values of ¢ and shifts from h.

As mentioned earlier, a study by Zama et al. on the Duffing oscillator [231] demonstrated
that adjustments to the potential shift can affect the algorithm’s convergence properties;
however, no constraint on the auxiliary variable was imposed in that case. Thus, further

investigation of these aspects is left for future work.

4.6 Simulation of the geometrically exact string

A simulation of the GE string using IEQ [73, 78] and SAV [26, 77] was performed by
Ducceschi and Bilbao. A summary is provided here. First, one may perform a spatial
discretisation of equations (4.14), obtaining, with simply supported boundaries, two state
vectors u and v of length N — 1. The semi-discrete transverse linear operator follows from
equation (3.96), while an approximation of the longitudinal linear operator results in
£, =1T,D*— 2pAUl(i. (4.76)

The discrete version of £ is given as the vector: £ = D~ v, of length N.

Again, there are two methods for quadratisation: in IEQ, one may quadratise the semi-
discrete potential density

EA-Tj

S (Juver )

obtaining a vector auxiliary variable. This is the method employed in [73, 78]. Alternatively,

in SAV, one can define a discrete form of the total nonlinear potential (4.23) as:

N _ 2
@G:hZEAQTO( (1+§i)2+c3—1) : 4.77)

—1
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Then, the semi-discretised equation may be written in vector form as:

= — +
v h 0

where the nonlinear force was written in terms of the analytic potential gradients V@ and

pALT — ¢ 0

de?

0 pALT— ¢,

de?

DV, D¢

F, 4.78
D"V, Qg (478)

V¢®@¢. Quadratisation can now be performed by defining:

Yo =1/20¢. (4.79)

Following the procedure outlined earlier, the quadratised system can be written as:

ALT ¢ 0 1 e
P2 - u — 4 ga., 4 J F (4.80)
0 pA@I — Sv v h ga, 0
where the new gradients are defined as:
8Gu, 2 ~DTVeeth = —DHV D/ (208 +. (4.81)

Note that, unlike in the transverse system, the gradients are now given in terms of ¢ and &:

one may switch variables with (4.45). Application of the chain rule gives:

g 1. .1d |u
= g6 gL 4 || (4.82)

An energy analysis, omitted here, may be obtained by taking an inner product with
h% [uT, vT]", and yields a result analogous to that obtained for the transverse system.
Time integration can be performed with the SAV procedure, analogously to the transverse

system. The time-stepping algorithm is now expressed as:

pA(;ttI - [ 0 u” 1 n—1/2 gg j(wl)
= “| + Fr, (483
0 pAS =1, | [ h””% gl 0 ( )
n—1/2 _ [.7 T u”
S = |8l 88, ] 0 [V”] , (4.83b)

where [, = ToD? — 2pAc;6,.. This defines a three-step scheme equivalent to (4.58). Expand-
ing the operators allows for an efficient, explicit update by applying the Sherman-Morrison
formula.
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The energy analysis is run by taking an inner product with hd;. [(u™)", (v*)T]". As before,
a passive energy balance is achieved in the unforced case, and the nonlinear component adds
only a non-negative term to the total energy. Thus, a stability condition can be derived by
examining the linear part alone, resulting in equation (3.101). However, as noted in [73, 77],
applying this condition leads to aliasing issues due to the significant difference in wave
speed between longitudinal and transverse motion. Instead, one can use h = \/Ei/pk, the
CFL condition associated with longitudinal motion, which is much less restrictive than the
natural limit for transverse waves. This impacts the choice of the sample rate, which must be
significantly higher than typical audio rates, with OFs of at least 12. In [78], longitudinal
motion is spatially discretized using a modal expansion to address this issue. However,
low OFs in this approach result in a minimal number of longitudinal modes that can be
represented.

The behaviour of ng*l/ ? in this system has not been analyzed, and the effects of
applying the constraint have not been observed yet. It is possible that the high oversampling
required for longitudinal motion may reduce the need for a constraint on the auxiliary variable.

However, further investigation is necessary to confirm this.



Chapter 5
Collisions

Collisions play a fundamental role in musical acoustics. In the context of strings, collisions
occur in various scenarios, such as in hammered strings (e.g., in pianos) or in the interaction
between the string and the fretboard of guitars. As discussed in Chapter 1, two primary
approaches exist for mathematically modelling collisions. The first models rigid contact,
while the second, known as the penalty method, is based on Hertz’s contact formulation.
In this work, the second approach is employed, as it allows for the modelling of object
compression by permitting a degree of mutual interpenetration. As in previous chapters, the
discussion begins with a simple case study, a mass-barrier collision, and then extends to the
spatially distributed case of string-fretboard interaction.

5.1 Collision of a mass against a rigid barrier

Though not directly related to a musical instrument, the mass-barrier collision provides a
useful introductory test case for evaluating numerical schemes. The system can be represented
by a SHO with an additional nonlinear forcing term. It is more practical to express the system

in mass-stiffness form as:

d?u doy,
— =—Ku— —. 5.1
e T G-
The collision potential is written:
Kb €
— h— ]t L = 5.2
¢b o + 1 [ u]+ + 27 ( )

where [], indicates the "positive part of", defined as [z], = (x + |z|)/2. Here, K}, > 0 is
a constant representing the barrier’s stiffness, o, > 1 is the nonlinearity exponent, which

controls the degree of interpenetration between the objects, and b < 0 is a constant offset
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b

Fig. 5.1 Schematic of system (5.1) with potential (5.2). The red arrow indicates the direction

of the collision force —%.

representing the barrier position, which lies below the mass. The collision force is thus active
only when the mass is in contact with the barrier and is otherwise zero. Thus, the potential is

non-negative. A schematic of the system is depicted in Figure 5.1. The energy analysis is
obtained by left-multiplying equation (5.1) by m%. Using the chain rule:

do,  doy/dt
= 53
du  du/dt’ (5-3)
one gets:
d m (du\®  Ku?
—H = H=—|— : 4
T 2 (dt) Ty T S

Thus, the energy balance is passive, and the solution may again be bounded in terms of the
initial energy.

5.1.1 Potential quadratisation

Potential quadratisation can now be performed analogously to the Duffing oscillator, using
an auxiliary variable ¢/y,. The energy may be then written accordingly as:
g_m (du>2 n Ku?

_m(du i 5.5
> \a@ 2 3 )
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Next, using the definition of g from (2.18), equation (5.1) is re-written as:

d?u d du — Kb —ul%®
— = —Ku — {ygy, (3) =9 g Iy = bl h (5.6)

d¢? \/(inl b— u]ib‘i‘l s

Note that this equation has the same form of (4.6), the only difference being the form of g,
and it can be integrated in time using the same method.

5.1.2 Simulation

As discussed in the introduction, developing energy-conserving schemes for collisions
modelled using the penalty method has gained significant attention in recent years. For
mass-barrier interactions, fully implicit approaches have been explored in [53, 34], though
these will not be covered here. Recently, there has been growing interest in using linearly
implicit or fully explicit methods by discretizing the quadratised equations through IEQ/SAV
techniques. In particular, a discrete version of the quadratised scheme (5.6) is derived

analogously to the Duffing oscillator case, as:

moyu" = —Ku" — ut+wﬁ_l/Qgﬁ, (5.7a)
St = grs,un. (5.7b)

As with the nonlinear oscillator, the discrete energy balance is conservative, with the discrete
energy now given as:

—1/2\2
2 o M(G_u")?  Ku"e,_u" ( b / )

n—1/
b 2 * 2 2

(5.8)

The scheme is second-order accurate, as all the operators are centred. Expanding the operators
yields the explicit update:

kot \?
— 1
[(27}1) i

Testing conducted in [81] reports convergence of this numerical scheme, although conver-

u'"t = <2 — wgkz) u" +

kg’ T
<2b> —1]u t- V240 (5.9)

m

gence of the auxiliary variable was not examined.
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5.1.3 Gradient calculation

As discussed in Chapter 4, significant effort has been devoted in recent years to optimizing
the computation of the potential gradient in collision modelling. The analytic form can be

computed at time-step n as:

K 1
- . b((x;) + )[b n]gcrb—l p—
Ib = Ky[b —u™)$® (5.10)

— = — otherwise.
b __ n|%b
\/%H [b—ur)P +e

However, consistently applying this analytic expression leads to two main issues: (a) the
auxiliary variable experiences sign flipping, resulting in incorrect force orientation, and (b)
the contact energy remains non-zero after contact [216]. While the first problem has already
been encountered in Chapter 4, the latter is specific to collisions, where the nonlinear force
is not always active, unlike in the geometric nonlinearity case. In [81], Ducceschi et al.
introduced conditional branching for gradient computation. This form is defined here gy, ;
and expressed as:

ar. D (b—um) > 0& Lo (b —unt) >y
n n n— n—1/2
g =0 S (b—un) > 0& dgn (b—um) < v (5
—2y;
s (b—u™) <0
(2 — wgk?) ur — 2un—1 (b—u") ’
with
. e e >0
gb,* - n—1/2

—agn Uy < 0.
This approach effectively address the second issue, eliminating spurious energy after contact.
However, as noted in [216], the contact energy does not always have the correct sign. In that
study, Van Walstijn et al. propose to enforce the constraint 1, T2 5 0 to ensure proper force

orientation during collisions. This leads to the quadratic constraint equation:

Ko 1 e
gt V(g + gh [u”‘l — (1 — 2w§k2> u} —r 1?2 <. (5.12)

a
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Following [216], solving for g; yields the roots:

a a4 2 (g2

47
K2 o2 4 K (n—1/2
\/msa +m2(b

(note that the dot does not indicate time differentiation here). The gradient, defined here g, o,

Gy =2 (5.13)

is then set as follows:

max(gy, g ) : (b—u")>0
G2 = Y9 _ c(b—ut)=0& (b—u""1) >0 (5.14)

0 otherwise.

In this formulation, the first branch ensures the auxiliary variable remains positive, while the
second branch sets the contact force to zero after the contact event. Note that Van Walstijn et
al. [216] employ the exact integrator in equation (3.36); the constraint was here re-derived
for the second-order accurate integrator.

Finally, the technique described in Chapter 4 is adapted here to handle collisions. The
idea is to impose again the constraint zi; —i/2 > 0. By expanding the mean operator and
using (5.7a), equation (4.70) simplifies in the lumped case to:

4¢1:_1/2 +gr (un+1 . un—l) > 0. (5.15)

where the form for ¢7* is still undefined. Substituting the expression for "™ (5.9) yields the
inequality:

4y~ 4 g (2 — wgk?) ut — 20| = 4T — 2g7a > 0, (5.16)

where a is the quantity defined in equation (5.12). As in the distributed case discussed in
Chapter 4, the term (2 — w2k?) u™ — 2u™~! = —2a corresponds to the difference between
the linear update and the mass state at time step n — 1, vanishing only when these two are
equal. Finally, the gradient (defined here gy, 3) is set as:

477Z)n—1/2
—) Cb—uM) > 0& 4 P4 3<0&a#0
g, = Ay 1/2 (5.17)
b3 —19’1/}_'0261 (- u")=0& (b—u"1)>0&a#0
ap otherwise
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Fig. 5.2 Single collision event simulated using the scheme (5.9), with gradients (5.10), (5.11),
(5.14) and (5.17), referred to as SAVO, SAV1, SAV2 and SAV3, respectively. The sample
rate is f, = 44100 Hz. Physical parameters are: m = 0.01 Kg, K = 0 rad/s, K}, = 10°,
ap = 1.3. The barrier is positioned at b = 0 and is represented by the black horizontal line.
The mass is initialised with ug = 0.01lm and vo = —2 m/s, and it is used ¢ = 0.

where it was defined:
A —n |:< _.27.2 n __ n=1| _ _o=n
3=0p |2 —wik ) u" —2u = —2¢gya, (5.18)

and, as before, ¥ and ¥ are scalar multipliers shifting the constraint from the equality. In
the first branch, if equation (5.16) is not satisfied with g{, = g, the gradient is adjusted to
enforce the inequality (5.16). The second branch ensures that the contact force is set to zero
immediately after the contact event. Otherwise, the analytic gradient is applied. Additionally,
verifying that @ # 0 in the first two branches serves as an extra safeguard against division by
zero. Note that setting 9" # 0 means the nonlinear energy is not reduced to zero immediately
after contact but takes a few samples. Consequently, the natural choice would be to set ¥/ = 1
in all cases. However, this approach leads to spurious oscillations of the auxiliary variable
around the Nyquist frequency. It was observed that introducing a scalar to relax the condition

helped mitigate these oscillations.
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Fig. 5.3 Energy plots for the collision event shown in Figure 5.2 for (a) scheme SAVO, (b)
scheme SAV1, (c¢) scheme SAV2, and (d) scheme SAV3. The top plots display the total
energy h"~1/2 in blue (from (5.8)), kinetic energy (6,_u")?/2 in red, and nonlinear potential
energy (ng -t 2)2 /2 in yellow. Note that since K = 0, the linear potential energy is zero.
The bottom plots show the energy error, computed as AH = /2 /p1/2 — 1.
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Fig. 5.4 Multi-collision event simulated using the scheme (5.9), with gradients (5.11), (5.14)
and (5.17), referred to as SAV1, SAV2 and SAV3, respectively. The stiffness is set to
K = 3.95 x 10® N/m (giving a linear eigenfrequency of 100 Hz). The mass is initialised
with ug = 1m and vy = —2 m/s. Other parameters match those in Figure 5.2. In (a), the
barrier stiffness is K, = 10°, and in (b), K3, = 10°. The top plots show the solution, while
the bottom plots display (the negative of) the collision force, computed as g 11, 1"~ '/2. The
sample rate is f; = 44100 Hz.
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f, (Hz)

Fig. 5.5 Convergence test for scheme SAV3. The target solution is generated by running
SAV2 with OF = 512. Scheme SAV3 is run with OF = 2%, with a = [0, 5] integer. The
dashed line represents a slope of —2 for comparison.

5.1.4 Numerical testing

As a first experiment, the quadratised scheme (5.9) is tested using the four gradients (5.10),
(5.11), (5.14) and (5.17), referred to as SAVO, SAV1, SAV2 and SAV3, respectively, in a
single collision event. The results are presented in Figures 5.2 and 5.3. It is observed that
the trajectories of SAV1-3 are nearly identical after the collision, while the analytic scheme
SAVO0 exhibits a noticeable deviation. This discrepancy is explained by the energy plots
in Figure 5.3, which show the discrete energy components and the energy error for each
system. In SAV0, the auxiliary variable does not return to zero after the collision, leading to a
non-zero nonlinear potential energy even during non-collision periods. This is the anomalous
behaviour reported by [74], [81] and [216]. Since the total numerical energy is conserved, as
shown in the bottom plot, this numerical anomaly manifests as a reduction in kinetic energy
after the collision, resulting in an altered trajectory. In contrast, SAV1-3 produce correct
energy behaviour. In particular, the correction for gi' can be observed, taking effect in the
sample immediately after the collision, at which point the energy components assume their
<o,
¥ = 1 otherwise. As noted earlier, spurious high-frequency oscillations in the auxiliary

correct values. In case of the gradient SAV3, itis set ¥ = 1 and ¢/ = 0.5 if

variable were observed when ¢ = 1 was used consistently.

A second test, shown in Figure 5.4, involves a multiple collision event. Since previous
testing has demonstrated that system SAVO is unreliable, only the remaining systems, SAV1,
SAV2, and SAV3, are considered here. Figure 5.4 presents the mass displacement and
collision force for two different barrier stiffness values. The initial displacement was set
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particularly high to test the schemes under more stressful conditions. It is observed that, with
lower stiffness, all schemes produce comparable results. However, as stiffness increases,
differences between the solutions emerge. Notably, Figure 5.4b shows that the SAV1 scheme
produces incorrectly oriented forcing in some instances, as predicted by [216]. Figure 5.5
shows a convergence test for scheme SAV 3, using the same parameters as those in Figure
5.4b. The reference solution was obtained by running scheme SAV2 with an OF of 512. A
comparison with a line of slope —2 confirms that the scheme achieves second-order accuracy.
The value € = ¢, is used when computing equation (5.13) in all tests.

Additional investigation is needed to assess how well the constrained form SAV3 performs
compared to SAV?2 for different physical parameters. Moreover, further research is needed

on the effects of the scaling coefficients ¥ and ¥ and is left for future work.

5.2 Lumped collision: finger or hammer against a string

One common example of a collision in musical instruments is a stopping finger pressing
the string. In this case, the interpenetration represents the compression of the finger during
contact with the string. This concept has been applied in guitar models to simulate finger
articulation [32], typically in conjunction with a fretboard model. The same model is often
used to simulate hammer-string interactions [81], with the difference being that the hammer
is usually provided with an initial velocity rather than an externally applied force. For
simplicity, no geometric nonlinearity will be considered here, and the string will be treated
as linear. The model can be expressed as:

(pAD} = L) u = —~0(x — 21)Dutn (5.19a)
A2U
mi dt2H = —0y, éu + Fu, (5.19b)

where external forces on the string are omitted. The second equation models the dynamics of
the hammer (though the term "hammer" is used here, this model is completely analogous to
that of a finger), where my is the hammer mass, Uy is a function representing its vertical
displacement, and Fyy = F}(t) is an externally supplied driving force, employed to keep a
finger pressed against the string. Typically, this force is not applied to the hammer, which
instead rebounds off the string. The hammer contact is modelled as lumped and located at a
point xy along the string. The potential ¢y = ¢y (u, Uy ) has the form:

Ky

¢H:aH+1

[w(zy, t) — Un)ott. (5.20)
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Consider the string to have simply supported boundaries. An energy balance can be

obtained by taking the inner product of the first equation with J;u, left-multiplying the second

dUyg

equation by <7 and summing. Using the chain rule, this yields:

dUy
—H=-Q(t)+ —F 5.21
T Qt) + q (5.21)
where () is as defined in (2.134), and:
2

pA 2 my dUH T() 2 EIO 2 112
H=—|0 — | —= — |0, —||0 . 5.22
o+ 75 () 4 Pl + oz b on. 522

The energy now includes the kinetic term associated with the hammer and the lumped

nonlinear potential. Without an external force applied, the system is passive.

5.2.1 Simulation

A simulation of system (5.19) will now be performed using a quadratised approach. First, a

spatial discretisation of the potential (5.20) can be expressed as:

Oy = (xfjil [(jum)T u— UH} f‘“ , (5.23)

and a semi-discrete version of equation (5.19) can be written:

d2 1
(pAdt2 - 2) ==V, Oy (5:242)
&0,
mi— = ~0u, Ou + Fi. (5.24b)

Next, quadratisation is performed by defining:

Y = /20y, (5.25)

and the quadratised system can now be written as:

dt?

42U
my— s = Yugn + Fi, (5.26b)

d? 1
pA— — L lu= —EngH (5.26a)
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where, following the definition in the final step of (4.53):

gu = Vuu, gu = OuyYu. (5.27)

The chain rule gives:
dyg  ;du dUn

a  Suq Ty
An energy analysis, omitted here, can be carried out by taking the inner product of the first

(5.28)

equation with h ¢ and of the second equation with 4% and summing.

&
A time 1ntegrat0r based on SAV may now be written as:

(pAby —u" = —fw 2gn (5.29a)
muduUs = Ufy ”“"g" + Fg, (5.29b)
S bt = (g8)T " + g1t6,. Un. (5.29¢)

The energy analysis takes an inner product of the first equation with hd,. u" and the second
by 6;.Uj;. Summing yields the energy balance:

5 b2 = —Q" + 8, ULFL, (5.30)

where the loss term is as in equation (3.100). The discrete energy includes the hammer
kinetic term and takes the form:

hn—1/2 pAh <

e, (1= koyD?) 6, ) + 2 (6 Up)?
n_1/2)2 (5.31)

<D_ n—1 D_u”>+ 20h <D2 =1 2 n> ( H2

Toh
2

Ensuring the positivity of the energy leads to the stability condition (3.101).
By expanding the operator and combining the two states into a single vector, the system
can be expressed in matrix form as:

n n n—1
At =BT | +c|
Uyt Uy Un
(5.32)
1 |eii| | u"! gh| n-1/2 .
ga| |9u H 9u mn
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where the matrices take the following form:

.
ar— |19 L 1p (8u| |80 g_ B0
0 1| 4 |g¢| o]’ 0 2|
D= PAh(lfia‘ok)I 0 C— C* 0 ]
B 0 ffTH ’ o -1

Here, I is the (N — 1) x (/N — 1) identity matrix and B, and C, have the form (4.61).
The update matrix retains the structure of an identity matrix with a rank-one perturbation,
allowing for an efficient, explicit update via the Sherman-Morrison formula.

Here, the analytic form of the gradient was employed, and a thorough study of constrained

gradient forms is left for future work. Thus, it is set:

@) yn — pm]*
gn = — () w — Vi, el =i (5.34)

. n oapg+1
2 (- ]

Figure 5.6 presents an illustrative example of a hammer striking the string. The hammer
is given an initial velocity with no external forcing applied. As no restoring force acts on the
hammer, it continues moving at a constant positive velocity after contact while the string is
set into vibration. No comparative study has been conducted to assess the performance of
SAV for this case, thus, the test primarily serves to illustrates the system functionality. An

animation of the hammer-string collision can be found on the companion page.

5.3 Distributed collisions: fretboard and frets

As with geometric nonlinearities, the nonlinear potential becomes a potential density when
collisions are distributed in space. Thus, the model of a string undergoing distributed
collisions is quite similar to the case of transverse nonlinear motion. The continuous equation
remains identical to (4.43), where now F, = 0, ¢, represents a collision force density based
on a generic potential density ¢,.. Two specific systems are examined here: string-fretboard
and string-frets collisions, common in guitars. For these cases, it is often simpler to express
the total nonlinear potentials directly. To this end, the energy analysis is first performed using
the usual approach, taking the inner product of equation (4.43) with the velocity. Applying

the chain rule to the nonlinear potential results in a conservative energy balance analogous to
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Fig. 5.6 Snapshots of the hammer-string collision at the indicated times. The string physical
parameters are: L = 0.68 m, £ = 2e11 GPa, Ty = 12.1 N, A = 1.26 x 1077, p =8 x 103
Kg/m?, 0 = 0.92, 0y = 6.1 x 1074, The hammer physical parameters are: my = 0.05 Kg,
Ky = 10'°, oy = 1.3. The hammer has an initial displacement of 0.1 mm and an initial
velocity of —0.1 m/s. The input point is located at xyy = 0.3L. The sample rate is f; = 44100
Hz.
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Fig. 5.7 Model of a string (in green) with a fretboard (in blue). External excitation is shown
in yellow.

equation (2.136), and the energy is now expressed as:

Ely

A Ti
H = 22 0] + 2 l0ul* + =2 |02l + 2., (5.35)
where the total nonlinear potential energy was defined:
2 ¢
o, 2 « —. 5.36
Vou| +3 (5.36)

The fretboard (in the absence of frets) is modelled as a smooth function b(z), with
b(x) < 0, so that the fretboard lies below the rest position of the string. In the simplest
case, one may assume b(x) = by, representing a constant offset. This situation is depicted in
Figure 5.7. The collision potential in this case is given by:

Ky

L
Oy — /b— antlq 37
B ap + 1 0[ u]+ “ (5:37)

where K7 represents the fretboard stiffness and oz > 1 is the nonlinearity exponent.

Now, assume there are R frets located at coordinates © = 1, ..., xg (R typically ranges
from 19 to 24 for standard guitars). Interactions of the string with the frets are assumed to
occur at the tips, located at a vertical height mg, with my < 0 so that the rest position of the
string lies above the fret tip. Additionally, my > b(z,) forr = 1, ..., R, meaning that the
frets protrude above the fretboard. The resulting collision potential for the frets is:

Kr

R
@ — _ , CXF-‘F]. .
i DILURLICA (538)
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where as before Ky and oy are constants regulating the nonlinearity. The eventual algorithm
design is insensitive to the placement of frets: for standard semitone tuning, frets should be
located at coordinates z, = L (1 — 2/ 12).

5.3.1 Simulation

A spatial discretisation of a distributed collision system follows analogously to the approach
presented in Chapter 4, with the difference that now the potential depends on the state, rather
than its derivative. Therefore, considering relation, (4.45), the semi-discrete equation (4.46)
may be re-written as:

d? 1
(pAdt2 - 2) u=—3 V. +jF, (5.39)

where the semi-discrete linear operator £ is as defined in equation (3.96). Here, @, is a

suitable discretisation of the nonlinear potentials (5.37) and (5.38), taking the forms

KBh N-1 c
s = bi— w3+ g 5.40
TP (5.402)
K ¢ T oqaptl €
— — '(xr) <
Pr = Z::l mo = (3) a] " + > (5.40b)
where by, ..., bx_1 is the fretboard profile sampled at the N — 1 interior grid locations. As

mentioned earlier, one may choose a flat barrier with an offset so that b, = bVl € [1, N — 1].

Quadratisation can be performed in the same manner as in Chapter 4, by introducing
an auxiliary variable as defined in (4.51). This leads to the quadratised equation of motion
(4.52), and the chain rule (4.54), which will serve as the update equation for the auxiliary
variable. The energy analysis yields the same results, with semi-discrete energy taking the
form (4.55).

Time discretisation proceeds in the same way, resulting in the fully discrete system (4.58),
leading to the update form (4.62), and the update for the auxiliary variable follows from
(4.63).
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As for the other systems, the calculation of the potential gradients needs to be handled

carefully. The analytic forms, following from equation (4.64), are:

I M Kplb — w'] (5.41a)
B — = = .
VRV b — ) e
Ky [mo — Tu"]™ (5.41b)

gr = — :

Y2 T g — () w] T e
where D is a (N — 1) x R matrix whose columns are the fret interpolators j@),
Applying the constraint to distributed collisions is somewhat more complex than in the
case of geometric nonlinearities. In [216], the constraint (5.12) is extended to handle the
distributed case. Similarly, the constraint (4.69), already adapted for lumped collisions, is
modified here by incorporating a branched form of the gradient, following the approach
in [216]. The constraint equation is then derived in the same way as for the geometric
nonlinearity case, resulting in equation (4.71). A scalar multiplier vy is then defined, as in

equation (4.72), to scale the analytic gradient such that g" = yg?'. This is set as follows:

LU #0&3 < —4gi7?
y = _19'4%:1‘1/2 3 0&3 40 (5.42)
1 otherwise,
where 3 is defined in equation (4.73) and:
32 () (Bu"+ Cunt —un ). (5.43)

Note that the equation for y includes an additional branch compared to (4.74). The upper
condition ensures the non-negativity of 1,1y -t 2, functioning analogously to what was
seen in Chapter 4, and activates when (4.71) is not satisfied for g’ = g7'. The middle branch
condition is satisfied only during the initial instants without contact. Using the gradient from
the previous time step enforces ji;, 1% M2, ensuring no residual energy is stored during
non-contact periods. As before, ¥ and ¢ are scalars shifting the constraint away from the

equality limit.
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5.3.2 Numerical testing

The system, with the analytic potential (5.41a), is now tested by initialising it in its first
mode of vibration. Figure 5.8a shows the time solution and spectrogram, while Figure 5.8b
presents the different energy components and the energy error, computed as in (4.68). The
spectrogram reveals significant noise as the time solution remains "trapped" below the barrier,
causing continuous collisions. This behaviour is further explained by the energy plots, where
the nonlinear energy is always active and fails to decay to zero, even though the total discrete
energy is conserved. In contrast, Figures 5.9a and 5.9b show the same data for the system
under identical conditions, but with the constraint (5.42) applied. In this case, the time
solution and spectrogram are much cleaner, as collisions only occur in the initial moments.
This is also reflected in the energy plots, showing that the string collides a few times before
the vibration diminishes, preventing further contact with the barrier. The energy behaviour is
paired by the trend of the auxiliary variable utwg‘V 2, reported in Figure 5.10 both with and
without the constraint applied. In the first case, the auxiliary variable drops below zero and
oscillates with a noisy behaviour. When the constraint is applied, the trend becomes much
more regular, and the variable remains constrained. It can be seen that it assumes negative

values only for one sample after the collision and then returns to zero. This is the result of

n—1/2
s — <0,
1 = 1 otherwise. Figure 5.11 shows the same data as the other figures but with ¢/ = 1. In

the parameter choice for ¥, which was set, as in the lumped case, 9" = 0.5 if

this case, the auxiliary variable remains properly constrained, never becoming negative, but
there is an unusual response in the nonlinear potential, as seen in Figure 5.11b. Additionally,
the energy error drops to the order of 10~8. This is likely due to high-frequency oscillations
in the auxiliary variable: while the mean remains zero, ¢'f oscillates between two opposing
values at Nyquist frequency. Note that similar results were obtained with the potential (5.41b)
but are not shown here to avoid redundancy. Audio files relative to this test are available on
the companion page.

This preliminary test suggests that the constraint (5.42) yields promising results in
handling collisions. However, further study is needed. Convergence must be verified, and an
investigation into the role of the parameter ¢’ is required. Additionally, a comparison with

the constraint developed in [216] is necessary. These tasks are left for future work.
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Fig. 5.8 (a) Time domain solution and spectrogram, (b) evolution of the energy components
and energy error for the system (5.41a) without the constraint (5.42) applied. The system is
initialised in its first mode of vibration, with an amplitude of 4 mm. The string parameters
are as specified in Figure 5.6, and the barrier parameters are Ky = 103, ag = 2.3. The
string rest position is set to zero, with a flat barrier positioned at by = —1 mm. The output

point x, = L/2 is located at the string midpoint. The sample rate is f; = 44100 Hz. The
value € = ¢, is used throughout the test.
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Fig. 5.9 (a) Time domain solution and spectrogram, (b) evolution of the energy components
and energy error for the system (5.41a) with the constraint (5.42) applied. Other details are

as provided in Figure 5.8.
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Fig. 5.10 Behaviour of the auxiliary variable ung*l/ ? for the test reported in Figures 5.8

and 5.9: (a) without and (b) with the constraint (5.42) applied.
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Chapter 6
Friction: the bow

As discussed in Chapter 1, friction in stringed instruments is predominantly associated
with the bowing mechanism. When a string is bowed to produce musical tones, it exhibits
Helmholtz motion, alternating sticking and slipping phases. This motion is typically modelled
by a force that depends on the relative velocity between the string and the bow at the bowing
point. The force is thus represented by a friction curve, which varies nonlinearly with
the relative velocity. Several models exist for this friction coefficient, some of which are
illustrated in Figure 6.1. The discussion here begins with the case of a bowed mass and later
extends to spatially distributed cases.
Audio files and code for this chapter are available on the companion page.

6.1 Bowed mass

As in previous chapters, the lumped system serves as an introductory example for numerical
methods. A system with two degrees of freedom, consisting of a SHO excited by a bow, can
be described by two coupled ODEs as [24, Chapter 4]:

d%u

i —wgu — Fope(n) (6.12)
du

= (6.1b)

Here, the function v¢(t) is the bow velocity in m/s, while F:(t) > 0 is the bow force
normalised by the object mass ("C" here stands for "Cello"). Both are assumed to be known.
Here, the "soft" friction characteristic illustrated in panel (d) of Figure 6.1 is employed. It is
expressed as:

dc(n) = V2ane 2, (6.2)
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Fig. 6.1 Various friction characteristics: (a) Coulomb dry friction, with equation ¢¢(n) =
sgn(n)/2; (b) the "classical" curve by Woodhouse and Smith [192], with the form ¢¢(n) =
sgn(n)(0.4e~1M/001 1 .45¢=/01 1 (.35); (c) the reconstructed curve by Galluzzo [98],
defined by ¢¢(n) = sgn(n)(0.4e~"/%7 4-0.35); (d) the continuous approximation defined
in equation 6.2, with @ = 10 (dashed) and « = 100 (solid). Here, 7(t) is the relative
velocity between the bow and the mass in m/s, and the function ¢c = ¢c(n) : R — Risa
dimensionless friction coefficient, expressed as a function of the relative velocity only. Since
sgn(n) = 0, curves (a), (b) and (c) are defined for nonzero values of 7 only. The vertical
portion of these curves shows the range of possible values during the sticking phase [98].
Specifically, this can be expressed as: min ¢p¢ < ¢¢(0) < max ¢c.

where « is a free parameter. Note that ¢ satisfies:

néc(n) 20, (6.3a)
|li|mO oc(n)/n = V2ae < o0o. (6.3b)
n|—

Property (6.3a) is referred to as sector-boundedness, here to sector [0, co]. Both this and
property (6.3b) are fundamental for numerical discretisation. As noted in Chapter 1, the
friction curve (6.2) was not designed on physical principles. However, since the focus here is
on the efficiency of the numerical algorithm, this characteristic was used for convenience.
Any other curve may be used instead, provided it satisfies properties (6.3a) and (6.3b).
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du

An energy balance is obtained by multiplying equation (6.1a) by the velocity %,

yielding:

d
EH = —Fc(n+ve)oc (1), (6.4)

where H corresponds to the energy of a SHO scaled by the mass, already seen in equation
(2.25). In the zero-velocity case (vc = 0), owing to the property (6.3a), the system is
dissipative. Since the nonlinear force is non-conservative, there is no nonlinear potential to
quadratise in this case.

In preparation for time discretisation, it is helpful to express the equation of motion (6.1)
in first-order form. As shown in Chapter 2, this can be done by defining the generalised
coordinates ¢ and p as ¢ = wou and p = du/dt, resulting in:

dx .
i JVH — iFcoc(n) (6.52)
n=1i'x — vg, (6.5b)

with i = [0, 1|7, and other terms as defined in Chapter 2. The energy balance is obtained by
left-multiplying (6.5a) by (V H)T. Owing to the skew-symmetry of J, and by applying the
chain rule, one obtains the passive balance (in the zero-velocity case):

d

3 = —Fepoc(p) <0. (6.6)

Note that system (6.5a) retains the structure of a PHS, now including dissipation induced
by the bow. As in the linear case, system (6.5) and equation (6.1) are equivalent in the

continuous domain.

6.1.1 Iterative discretisation of the second-order system

A possible discretisation of equation (6.1), referred to here as SOIT, is given by:
Spu” = —wiu™ — Floc(d,u™ — vd), (6.7)

where F% and vg, are time series representing the bow force and velocity, allowed to vary over
time. A discrete energy balance, in the zero-velocity case, is obtained by left-multiplying by
dr.u™, yielding:

5" V2 = —F2 6, u"pc(0pu™) <0, (6.8)
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where the energy has the form (3.17), divided by the mass. The balance is dissipative, and

ensuring energy positivity leads to the stability condition (3.20). Alternatively, an exact

integrator may be employed to avoid stability conditions and frequency warping issues.
Scheme (6.7) can be written as:

2k u" 4+ 2u™ " — 2u™ + Wik 4+ K Fhoc(0pu” — vf) = 0. (6.9)

This is a nonlinear algebraic equation, solvable for §,.u" with a nonlinear root finder such
as Newton-Raphson. Then, ™! may be retrieved by simply applying the centred operator
definition. Notice that a condition on the existence and uniqueness of the solution of (6.9)
must be given, and this appears as an additional constraint on the time step k. Further details
can be found in [24, Chapter 4]. Alternatively, the "Friedlander construction" [227] may be
used to explicitly lock the string and bow velocities during the sticking phase, thus preventing

the need for bounds on the time step.

6.1.2 Iterative discretisation of the first-order system
A possible discretisation of the first-order system (6.5) can be obtained using the midpoint
method detailed in equation (3.5). The resulting scheme is:

04 x™ = IVH"T2 —iFcho(pern™), 0" =iTx" — v, (6.10)

where the form of the discrete gradient is as given in equation (3.52). This scheme is referred
to here as FOIT. The discrete energy balance is obtained by left-multiplying (6.10) by VT,

yielding, in the zero-velocity case:

045" = —FC 0" do(pe4p™) < 0. (6.11)

Thus, the system is dissipative. Note that, in this case, the scheme is unconditionally stable

due to the non-negativity of the discrete energy. The update equation of (6.10) is:

I J\ , I J\ ., ... "
(1= 5)x = (5 +3) %" +iFgsclun) =0, (6.12)
where I here indicates the 2 x 2 identity matrix. Scheme (6.16) forms a nonlinear algebraic
system due to the implicit definition of x"*! appearing in the argument of the nonlinear

function ¢¢. Therefore, an iterative root-finding method is required.
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6.1.3 Non-iterative discretisation of the first-order system

The quadratisation techniques employed in the previous chapters are not applicable in this
case, as the nonlinear force is non-conservative. Therefore, an alternative discretization of the
first-order system (6.5) is provided, adapted from [80, 76], where a family of non-iterative
schemes is introduced in the context of stiff nonlinear ODEs modelling audio circuits. These
schemes demonstrate good numerical behaviour without requiring iterative techniques, as

shown in the examples below. The discretization is given by:
o5, x" = IV Y2 _AFRE . (6.13)

Here, o) = o) (x™) is a factor taking the form of a perturbation expansion, which can be

set to yield a truncation error with an accuracy of order (P + 1). Its expression is:

P
oD (x™) =Y kP (x™). (6.14)

p=0

The functions ¢ (x™) are obtained through Taylor expansion by means of a technique which
has strong links to the modified equation method [Chapter 10][137]. The first two terms are
here given explicitly as:

Ox") = (6.15a)
kF
¢M(x™) = 70(7\” — EMiiT (6.15b)
where it was defined:
A" £ déc A éc (6.16)
dn ly=yr’ T In=nn

Note that both A and & are well-defined due to properties (6.3a) and (6.3b). The definition of
7 is as in (6.10), and the discrete gradient is as in (3.52). With P = 1, one gets a factor:

oW(x") =1+ kgc(xn — EMiiT, (6.17)

which allows the formulation of the second-order accurate numerical scheme:

A"x™ = BUX" 4 iFNE ol (6.18)
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where the matrices have the form:

A”é]inLFCQNLiiT—;, B”éIICjLFC (}‘;—a”> iiT+‘; (6.19)
and I again indicates the 2 x 2 identity matrix. Note that both A™ and B™ are computed
using values from previous time steps, allowing the update to be expressed as the solution of
a single linear system, making the scheme linearly implicit. Proof of the accuracy order may
be obtained through Taylor series arguments, as shown in Chapter 3. Ensuring numerical
passivity for schemes like (6.13) is more challenging than the iterative discretisations shown
earlier. Partial results are available in [76]. However, numerical testing provides insights
into the stability properties of these schemes compared to the iterative discretisations and
a standard explicit integrator. In particular, since the linear part is unconditionally stable,
no stability conditions are required for it, and the scheme remained stable in all simulations
performed.

6.1.4 Numerical testing

Figure 6.2 presents the results computed with different solvers for two empirically chosen
values of F(, representing force normalized by mass. A reference solution is obtained
running scheme (6.7) with an OF = 30 and a base sample rate f; = 44100 Hz. Then,
schemes (6.7), (6.10) and (6.13) are run with OF = 2, and the global error is computed
as in equation (3.26). Newton-Raphson is used with a 10 threshold. Additionally, the
forward euler (FE) integrator, detailed in equation (3.47), is included in the test. For the
lower bowing pressure (F = 100), FE yields an error three orders of magnitude larger than
the other schemes. More notably, for the larger bowing pressure (F = 4000) FE exhibits
instability. In contrast, the FONIT scheme displays robust numerical behaviour, comparable

to the iterative schemes.

6.2 The bowed ideal string

As an extension to a spatially distributed case, consider a bowed ideal string without stiffness
or damping, where the bowing force is assumed to act pointwise at the bowing location. The

string-bow system is described by:

Ou = 0 — Fod(x — xc)a(n), (6.20a)
n = Oyl — Ve, (6.20b)
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Fig. 6.2 Comparison between the different bowed mass simulations, using the friction
function (6.2). All cases used: a = 100, fo = wy/27 = 100 Hz, vc = 0.2 m/s. "Ref."
indicates the reference solution. Reproduced from [180].
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where the wave speed c is defined in equation (2.84), and F( is the bow force normalised
by the string linear mass pA. Here, n = n(t) € R represents the relative velocity of the
bow and the string at the bowing location z¢. The energy balance is obtained by taking the
inner product of equation (6.20a) with pA%. With Dirichlet boundary conditions, the energy
balance in the zero-velocity case is given by:

LB = AR ulre, 1) b (Ou(ac, 1)) < 0 ©21)

where H has the form (2.78).
As in the case of the mass, it is convenient to express the system in first-order form. First,
one defines the generalised coordinate and momentum:

qg=cou, p=ou. (6.22)
The energy may be then re-written in terms of the energy density H as:
L 2 2
H:/Hm; H=2 47, (6.23)
0 2 2

The equations of motion in first-order form then are:

Ox = JVH — Fode(n), (6.242)

(x — z¢)

L
n = / [0,6(x — z¢)|xdr — ve, (6.24b)
0

P d, 0

The energy balance is obtained by left-multiplying (6.24a) by VHT, and integrating. Con-

where:

sidering Dirichlet boundary conditions and using the identity: fOL VHTOxdx = %H , one

obtains again the energy balance (6.21).
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6.2.1 Simulation of the second-order system

Following the definitions in Chapter 3, a spatial discretisation of system (6.20), with Dirichlet

boundary conditions, is given by:

d*u 212 i(zc)
i c“Du — j¥* Feoe(n) (6.25a)
d
n=h(j)" d—‘; — e (6.25b)

Time integration can then be performed as follows:

dyu" = *D*u" — j) Foge(n*) (6.26a)
0" =h (o) s — e (6.26b)

A discrete energy balance is obtained by taking an inner product of equation (6.26a) with
pAho,u™. In the zero-velocity case, this results in:

0rb" 2 = —pAFS [ (=) 60" g (h () doum) <0, (6.27)

where the discrete energy is as per (3.84). Ensuring the energy positivity leads to the stability
condition (3.85). However, ensuring the existence and uniqueness of a solution leads to a
further constraint, as discussed in [24, Chapter 7]. Since the update u™*! appears implicitly
in the argument of ¢¢, the scheme is fully implicit, and a solution may be found using a
suitable iterative routine in vector form. System (6.26) will be referred to as SOIT.

6.2.2 Simulation of the first order system
Iterative discretisation

A spatially discretized version of the generalized coordinates and momenta can be expressed

as:
du
=cD™ = — 6.28
q=cbu, p=-—7- (6.28)
and the energy is now given by:
hp' hqT
g=-PP "9 (6.29)
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The equations of motion in semi-discrete form are then written as:

dx

5 IV - dFooc(n), (6.30a)
n=nhd" x —uvc. (6.30b)
where:
q 0 0 D
) H ’ L'(’”C)] I [D+ 0 ] @20

Note that J is a square, skew-symmetric matrix, retaining the structure characteristic of
PHS.
One possible time integrator for system (6.30) is the Midpoint method, applied as follows:

Sux" = JVH"? — dFeoe(msn™), (6.32a)
pern” = hdT e X" — ppvg, (6.32b)

Here, the discrete energy is:

b= S (6.33)
and the discrete gradient results:
vz = (P (6.34)
He+P

As mentioned in Chapter 3, the Midpoint method is unconditionally stable. Indeed, it can be
noticed that the discrete energy here remains non-negative V p”, q". Scheme (6.32), referred
to here as FOIT, is fully implicit, and an iterative root-finding method is required for its
solution.

Non-ierative discretisation

Alternatively, the non-iterative method proposed for the bowed mass can be extended to the

spatially distributed case. This is achieved with:

o) (x™)6ux" = VY2 — AFRE" e . (6.35)
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The definitions of A and & are given in (6.16), while p., 0™ is defined in (6.32b). The operator
J is described in (6.31), and the energy gradient follows from (6.34). Choosing P = 1, one
has
(1) kh n n
o/ =1+ 7Fc(7\ — &M)ddT (6.36)
and a second-order accurate discretisation arises. Isolating the state vector x" ! results in

the linearly implicit update:
A< = B'x" + FAE dpu v, (6.37)

where the matrices have the form:

. L Far g S S5 N N
At =+ = CddT - B—k+FC<2 a)dd+2. (6.38)

Scheme (6.37) will be referred to here as FONIT.

6.2.3 Modal form

As an alternative approach, the continuous equations (6.20) are now semi-discretised using a
modal approach. Consider a separable solution of the form: v = xT(z)w(¢) with M modes,
where x represents the normalised modes from (2.94). Substituting this solution form into

equation (6.20) and performing a modal projection yields:

d?w 5

gz = W = Fex(@e)ée(n) (6.392)
dw

n= XT(QTc)E — Ve, (6.39b)

where Q2 is as defined in (2.101).
For a non-iterative discretization it is necessary to express the equation of motion (6.39)

in first-order form. First, define:
~ A ~ A dW ~ A q
q = Qow, P=— X = [~] . (6.40)

Then, the energy takes the form:

+ -, (6.41)



140

Friction: the bow
and system (6.39) can be re-written as:
d?x L~ - N
1w JVH —d Feoc(n) (6.42a)
i =d"% — v, (6.42b)
where:
~ 0 Q ~ 0 - q
j= L d= Cova= |1 (6.43)
-Q 0 x(zc) p

Note that J retains the typical stricture of a PHS.

The non-iterative solver can be used for the integration of the modal system 6.42, resulting
in a fully discrete form analogous to (6.35). Expanding out the operators gives the update:

Arx"t = BUK™ + FREMdu, of,

(6.44)
and the system matrices in the modal case take the form:
RO SR )<y O | -1 A" S |
Ar=—+-Cdd" - B'=—+F/|—=—-&"|dd +=. 6.45
FTT2 2 R C(z E’) 3 ©45)
By defining:
paol J I/k —Qg/2
k2 Qy/2 1/k

(6.46)

The matrix A" can be expressed as the sum of T plus a rank-1 perturbation, allowing its
inversion using the Sherman-Morrison formula [189]:

- Fran T-lddTT-!
(An)—l — T—l B

nxAn ~ ~ 6.47
2 14+ %EMarr1q (©47

Furthermore, T is block-diagonal, which allows for efficient decomposition using a block
LUD factorisation [38]:

Ty O
0 =

T, T
T [Tt

| 0
To1 T

Ty T 1

I Ty'T
0 I

: (6.48)
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and the inverse is computed as:

I —T; Ty
0 I

(-1 —1 _—1 -1 —1 —_—1
T + T TE TyTyy T TpE
=1 -1 1
—= T21T11

I 0
Ty T 1

T 0

0o =

T ' =

. (6.49)

(1

Here, = £ Ty — T21Tf11T12 is the Schur complement, which is diagonal due to algebraic
operations between diagonal matrices. This decomposition allows for efficient matrix-vector
multiplication involving T by breaking down the operation into serial steps involving diagonal
matrices. Furthermore, since T is composed entirely of constant values, the factorisation
components can be precomputed offline, significantly reducing compute time. Note that the
same approach can be applied to system (6.37). In this case, however, the components T
and T, are tridiagonal, making multiplication of T with vectors less efficient due to the

additional non-zero off-diagonal elements that need to be handled during the operation.

6.2.4 Numerical testing

Figure 6.3 reports the output displacement u(t, z,) of the string computed using schemes
(6.26), (6.32), (6.35) and (6.44), under two values of F'z. All schemes were run with OF
= 2 at a base sample rate f; = 44100 Hz. As described previously, both SOIT and FOIT
require the Newton-Raphson algorithm in vector form, including Jacobian inversion at each
iteration; this was achieved using Matlab’s backslash function, with a tolerance set to 10~°.
The backslash function was also employed for the non-iterative FONIT scheme, whereas
the modal system used the efficient inversion technique detailed above. The two chosen
values of Fz yield different motion types. When I’ = 1, the resulting motion is steady
but not Helmholtz-like. Increasing the bowing pressure to £’z = 5 leads to fully developed
Helmholtz motion. This change of motion regime with bowing pressure is consistent with
the typical behaviour of musical strings, as represented by diagrams like Schelleng’s [184]
mentioned in Chapter 1. All solvers produce comparable results.

Table 6.1 presents the run-time/real-time ratio for the solvers and, for the iterative
schemes, the average number of iterations per time-step at two different sample rates under
different values of F'5. Run-times were measured using the Matlab t ic toc function. As
expected, the number of iterations rises with Fz as the system becomes "stiffer". On the
other hand, the run-time for non-iterative schemes remains unaffected by Fz. The modal
algorithm is the fastest among all the solvers. In contrast, the non-modal first-order systems

are the slowest due to the explicit inversion of non-diagonal matrices (the Jacobian for FOIT
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Fig. 6.3 Ideal string simulation. Both cases used: ¢ = 150 m/s, L = 0.7 m, vg = 0.2 m/s,
a = 100. The input and output positions were, respectively, 0.633L and 0.33L. Reproduced

from [180].
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|OF [ Fg | SOIT FOIT FONIT MOD |

1 | 391@3.00) 33.46(3.00) 16.97 0.69
1 5 | 489(3.61) 47.39(3.83) 17.05 0.88
30 | 6.45(4.58) 54.26(4.28) 16.86  0.87
1 ] 9.95(3.00) 106.66(3.00) 54.48  2.51
2 5 | 12.21(3.48) 14499 (3.72) 54.72 247
30 | 25.14 (6.34) 167.38 (4.15) 54.90  2.58

Table 6.1 Run-time/real-time ratio for the different schemes with two OFs, under different
values of F'z The string parameters are the same as in Figure 6.3. The average number of
iterations per time step requested by Newton-Raphson to converge is reported in brackets for
the iterative schemes. Reproduced from [180].

and A for FONIT), both of which are twice the size of the SOIT Jacobian. It should be noted
that no specific optimizations were applied for SOIT, FOIT, or FONIT. In particular, efficient
matrix inversion is also possible for the FONIT scheme, as described earlier. The results in
Table 6.1 highlight the importance of optimizing linear system solvers, particularly in cases
involving structured matrices, which are often overlooked by compilers.

As in the lumped case, analysing the energy behaviour of systems FONIT (in the dis-
tributed case) and MOD is complex. A case study can be found in [76]. Notably, the midpoint
method eliminates the need for stability conditions on the linear parts, and these schemes
remained stable in all simulations.

Since the focus here was on algorithmic optimization, the second-order integrator (3.14)
was used for the modes. Employing the exact integrator (3.29) would have helped reduce

dispersion issues without impacting the system’s performance; this is left for future work.

6.3 Addition of stiffness and damping

The addition of stiffness and damping terms can be achieved directly in the modal domain.
When considering a stiff string with simply supported boundaries, the mode shapes remain
unchanged, while the eigenfrequencies are adjusted to include stiffness, as discussed in
Chapter 2. To account for damping, a diagonal damping matrix can be introduced, with each
diagonal element representing the damping coefficient for a specific mode, thereby enabling
the modelling of complex damping profiles, such as that proposed by Valette and Cuesta
[206]. The resulting system is:
d*w dw

e = —Q’w — CE - ch(l“c)sbc(n% (6.50)
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where 2 now stores the eigenfrequencies as given by equation (2.123). The resulting system
can be simulated with an algorithm analogous to that used for the ideal string, the only
difference being that the matrices T and B are now augmented by the diagonal matrix C.
Since these can be computed offline, the efficiency of the algorithm is unaffected.
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Fig. 6.4 Vibration regimes of the stiff string under two values of Fz. Plots on the same row
are snapshots of the same waveform, taken in different time instants. String parameters were
the ones of a D3 cello string, taken from [67]. Bowing parameters, input and output positions
are as in Figure 6.3. Reproduced from [180].

Figure 6.4 illustrates different vibration regimes of the stiff string for two values of F'z,
selected empirically to achieve specific types of string excitation. The plots in each row
show snapshots of the same waveform at different times, capturing the string motion both at
the onset of excitation and after reaching steady state. When F'z = 5, the string exhibits a
multi-slip motion, whereas for £’z = 15 it reaches Helmholtz motion after a few seconds.
Table 6.2 presents the run-time/real-time ratio for the stiff string simulations, demonstrating
that the algorithm can achieve real-time performance even at high sample rates in Matlab.
Notably, including string stiffness reduces the number of degrees of freedom (i.e., the number
of harmonics in the audible range), thereby decreasing computational load compared to the
simple wave equation.
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OF=1 OF=2 OF=5
0.19 0.39 0.91

Table 6.2 Run-time/real-time ratio for the stiff string, tested with different OF values. The
base sampling frequency is f; = 44100 Hz. Reproduced from [180].

While adding stiffness and damping significantly improves the realism of the string
model, several approximations remain in the bowing mechanism. One such simplification, as
previously mentioned, is the use of a non-physical friction curve; another is the reliance on a
second-order integrator, which introduces frequency warping. Additionally, the bow-string
interaction is modelled as a point-wise contact. In reality, a bow has a finite width, with
multiple hairs touching the string simultaneously, and previous works have addressed this
aspect, see, e.g. [186]. In principle, the non-iterative method presented here imposes no
restrictions on incorporating this effect. However, further investigation is needed in this

sense.






Chapter 7
Case studies

This chapter presents two papers that serve as musical case studies for the techniques
introduced in the preceding chapters. All bibliographic references are provided within this
chapter rather than at the end of the manuscript. Audio examples related to these papers are

available on the companion page.

7.1 Physical modelling of the guitar

This section corresponds to a paper presented at the International Conference on Digital
Audio Effects (DAFx) in 2024 [30]. It introduces a comprehensive guitar fretboard model
incorporating the Kirchhoff-Carrier geometric nonlinearity for the string, along with three
distinct collision nonlinearities representing the fretboard, individual frets, and a moving
finger. Collisions are modelled using the SAV approach, resulting in a system involving three
auxiliary variables and four nonlinear gradients (including the geometric nonlinearity). An
important contribution of this work is the demonstration of a method for solving multiple
nonlinearities altogether using SAV, achieved by employing multiple auxiliary variables. The
paper’s conclusion states: "A better approach would be to consolidate all of the nonlinear
dynamics into a single scalar potential". Here, "better" refers to algorithmic efficiency.
This approach necessitates inverting a small matrix with dimensions corresponding to the
number of nonlinear gradients. In contrast, previous methods, such as that in [77], combined
multiple nonlinearities into a single scalar auxiliary variable, enabling a fully explicit solver.
However, the technique presented below offers greater control over the algorithmic design
and flexibility for managing individual nonlinearities. For instance, as demonstrated in
the paper, individual constraints may be introduced for each auxiliary variable, something
impossible with the approach developed in [77].
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ABSTRACT

The synthesis of guitar tones was one of the first uses of physical
modeling synthesis, and many approaches (notably digital waveg-
uides) have been employed. The dynamics of the string under
playing conditions is complex, and includes nonlinearities, both
inherent to the string itself, and due to various collisions with the
fretboard, frets and a stopping finger. All lead to important percep-
tual effects, including pitch glides, rattling against frets, and the
ability to play on the harmonics. Numerical simulation of these
simultaneous strong nonlinearities is challenging, but recent ad-
vances in algorithm design due to invariant energy quadratisation
and scalar auxiliary variable methods allow for very efficient and
provably numerically stable simulation. A new design is presented
here that does not employ costly iterative methods such as the
Newton-Raphson method, and for which required linear system
solutions are small. As such, this method is suitable for real-time
implementation. Simulation and timing results are presented.

1. INTRODUCTION

Sound synthesis based on physical models of stringed instruments
is a very old topic, with its origins in the quasi-physical feedback
delay model of Karplus and Strong [1, 2]. Major advances fol-
lowed from the physical interpretation of the bidirectional delay-
line pair or digital waveguide [3, 4] in terms of traveling waves—
opening the door to physical modeling for a wide array of instru-
ment types, including the guitar [5, 6], the subject of this paper.
More recently, increasingly sophisticated models of the gui-
tar have seen investigation. One avenue has been pure musical
acoustics research, where full three-dimensional modeling of the
interaction of the guitar body with the acoustic field is incorpo-
rated [7, 8]. Another, geared towards synthesis applications, has
been the investigation of interactions between the string, finger and
fretboard, allowing for a great deal of gestural control and nuance
in performance. Various techniques have been employed, includ-
ing digital waveguides [9], modal methods [10] and time-stepping
methods such as the finite difference time domain (FDTD) method
[11, 12], which have their roots in very early attempts at synthesis
[13]. Here, we adopt the latter approach, due to the very general
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flexibility of FDTD in handling multiple nonlinearities simultane-
ously. Such methods capture many subtle musical effects, includ-
ing tapping, the rattling of strings against the frets and fretboard,
and also the ability to play on string harmonics. See [14].

Such brute-force simulation methods are computationally in-
tensive, and the move to real time is non-trivial. This expense
stems from the strong collision nonlinearities, and the need for
provably stable numerical methods (such as those ensuring en-
ergy conservation) for robust behaviour. These nonlinearities
have been dealt with previously using iterative methods, such as
Newton-Raphson, which are computationally intensive, and inher-
ently serial. Recent algorithmic advances, based on invariant en-
ergy quadratisation (IEQ) [15, 16] and scalar auxiliary variable
(SAV) [17, 18] approaches offer a means of sidestepping iterative
methods entirely, and have been employed previously in order to
accelerate physical modeling synthesis for strongly nonlinear in-
struments to the real-time threshold [19]. In particular, IEQ/SAV
have seen use in modeling collisions within the context of musical
acoustics [20, 21, 22]. In these studies, it was noted that computing
the nonlinear collision force directly as the analytic potential en-
ergy gradient produced spurious oscillations, causing anomalous
results in simulation, and various solutions have been proposed.
Here, we present a variation of that in [22].

This paper can thus be viewed as a belated follow-up to a
DAFx paper [11] from 2014, which outlined a full synthesis model
of the finger/string/fretboard interaction—though well out of real
time. Applying IEQ and SAV approaches allows for real-time
performance for a full model of guitar string vibration for multi-
ple strings, including four simultaneous nonlinearities: a) the dis-
tributed geometric nonlinearity in a string vibrating at high ampli-
tudes; b) the interaction between a string with a smooth fretboard;
¢) the interaction between a string and an array of point-like obsta-
cles (frets), and d) the interaction between the finger and string.

A complete model of transverse string vibration in a single
polarization, including the various nonlinearities listed above, is
described in Section 2, followed by a spatially semi-discrete form
in Section 3, and a fully time-discrete algorithm in Section 4. Real-
time implementation details and timing results follow in Section
5. and some numerical illustrations appear in Section 6. Some
concluding remarks are offered in Section 7. Sound examples are
available at the companion page '.

2. MODEL SYSTEM

The model employed here appeared previously, with some minor
alterations, in [11, 12], and will be presented in condensed form

Uhttps://physicalaudio.co.uk/guitar/
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Figure 1: Guitar model, illustrating the string (in green), the fretboard and frets (in blue), the finger (in red), and plucking excitation force

(in yellow).

here. See Figure 1. The general equation of motion is
L = Fe+ Fxc + F + Fr + Fra . (1

The terms above are differential operators applied to u = u(z, t),
which represents the transverse displacement of a string in a single
polarization (generally taken here to be perpendicular to the fret-
board), and depends on spatial coordinate = € [0, L], for a string
length L in m, and time ¢ in s. Boundary conditions are assumed
to be of simply supported type at the string endpoints, so that

u(0,t) = d2u(0.t) = u(L,t) = 2u(L,t) = 0. 2)

Output is assumed drawn directly from the string displacement at
T = o as y(t) = u(wo, ).

The linear free vibration of the string is encapsulated in the
standard term £(u), defined as

L= pAatzu—To(?ﬁu—l—EI@;u—l—?pAooatu—ZpAalataiu 3)

where 0; and 0, indicate partial differentiation with respect to ¢
and z, respectively. The various parameters that appear here are: p,
the mass density in kg- m~%; A = 72, the string cross-sectional
area in m? for a string of radius » m; 7y, the string tension in N;
E, Young’s modulus for the string, in Pa; I = ard /4, the moment
of inertia of the string; and o9 > 0 and o1 > 0, two parameters
that give frequency-dependent control over decay time—see [23]
for a means of calibrating these values against 60 dB decay times.

The remaining terms in (1) are force densities, defined over
the domain « € [0, L], and are presented consecutively below.

2.1. Plucking Excitation

Fe = Fe(x,t) constitutes the pointwise external forcing of the
string due to a single upward pluck, and may be modelled as

Fe=06(x — xe) fe(t) . )

Here, §(xz — z.) is a Dirac delta function selecting the plucking
location © = x., and fe(t) is a parameterized function of the form

felt) = {famp sin? (%)

0 otherwise

when te <t <to+ A

(%)
where here, famp is a maximum amplitude in N, . is the start time
of the pulse in s, and A is the duration in s.

2.2. Geometric Nonlinearity

There are many possible models of geometric nonlinearity in
strings [24]—most important here is the pitch glide effect, audible
in guitar plucks at high amplitudes. This is most easily modeled
through the simple Kirchhoff-Carrier model [25, 26], for which the
additional force density Fkc is defined as

L
Fxc = % (/0 (awu)z d:c) Do (©6)

The Kirchhoff-Carrier model has been used extensively in sound
synthesis algorithms—see, e.g., [27, 23].

2.3. Fretboard Interaction

The fretboard (in the absence of frets) is modeled as a smooth
function b(z), with b(z) < 0 (so that the fretboard lies below the
rest position of the string). In the simplest case, one may simply
take b(x) = bo, for a constant offset. The collision force density
may be modelled through a penalty potential as

]:B = KB[b—’u,]iB (7)

where here [-] indicates the “positive part of," so [n]+ = (n +
|n])/2. Here, K > 0 is the fretboard stiffness, and ag > 1 is
the nonlinearity exponent. This collision force density is active
only when the string is in contact with the barrier, and is otherwise
zero. We employ a simple Hertzian model of contact, in line with
models used in, e.g., piano hammer modelling [28], and in other
models of string-barrier interaction [29, 30].

2.4. Fret Interaction

Assume that there are M frets, located at coordinates x =
Z1,...,xm. (M is normally between 19 and 24 for standard gui-
tars.) Interactions of the string with the frets is assumed to occur
at their tips located at vertical height mo—again with mo < 0,
so that the rest position of the string lies above the fret tip. In ad-
dition, mo > b(zq), ¢ = 1,..., M, so that the frets themselves
protrude from the fretboard. The resulting force density is

M
Fr = Z Kr[mo — u(zq, )] 0(x — xq) . (8)

q=1
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As in the case of the barrier, Kr > 0 is the fret stiffness, and ap >
1 is the nonlinearity exponent. The eventual algorithm design is in-
sensitive to the placement of frets—for standard semitone tuning,

frets should be located at coordinates x4 = L (1 — 279/ 12).

2.5. Finger Interaction

The finger interaction must also be modelled as a collision, but in
this case has its own dynamics to account for, as well as exter-
nal forcing. The finger, of mass Mrq in kg is assumed to act at
location z = zrq. It is defined by

Fra = —frad(x —zra) fra = Kralu(zra,t) —w(t)]37C .

)
Here, w(t) is the vertical displacement of the finger—its dynamics
are governed by

Mrcw = fra + forc, (10)

where dots indicate ordinary time differentiation. Here, fe ra(t)
is an externally-supplied driving force, employed in order to trap
the string against the fretboard and frets. (Though we assume zrq
to be constant in this paper, it will ultimately be allowed to vary
over time, in order to effect pitch changes.)

2.6. Energy Balance

The governing equation (1), accompanied by the definitions of the
various force densities in Sections 2.1 to 2.5, satisfies an energy
balance of the following form:

H+Q=P. 1D
Here, H is the total stored energy in the system in J, () and P
are the power loss and supplied power, respectively, in W. Fur-

thermore, the stored energy may be decomposed into components
representing the various storage mechanisms:

H =T+ VL + Vkc + VB + V¢ + TFc + Vra, (12)

where components 7" and V' indicate kinetic and potential energy,
respectively. The constituent energy components and power terms
are defined as follows:

o= 5 (0w)de (13a)
2 0
L L
VL o= % ; (8xu)2d$+%/o (92u)” dx (13b)
EA ([ [F 2\
KB o ag+1
= - 1
Ve ag +1 /0 [b—uli® dz (13d)
K M
— F _ ap+1
L | ;[mO @, ]} (13e)
Trc = %0’ (13f)
Ve = Fkdfu(erg,t) —w]{TET (13g)

L
Q = 24 (/ o0 (8iu)? + o1 (8t3mu)2dx> (13h)
0

P = featu(xe» t) + fe,FG'w . (13i)

Note that H > 0 and @ > 0, implying that the system is dissipa-
tive in the absence of external forcing, or that H(0) > H(t) > 0.

3. SEMI-DISCRETE FORM

It is useful, as an intermediate step, to perform a spatial semi-
discretisation of the system defined in the previous section. Sup-
pose that the domain [0, L] has been discretised with a grid spacing
h, for integer N = L/h. Under supported boundary conditions in
(2), a semi-discrete approximation to u(z, t) may then be written
as the (N — 1) x 1 column vector u(t), where

u = [ul,...,uNfl]T, (14)

where T indicates transposition. In the vectorised setting, the sec-
ond spatial derivative 92 may be approximated by the (N — 1) x
(N — 1) negative-definite matrix D, which is of the form

Consider a Dirac delta function selecting the location x = x..
It may be approximated as

1.
), (15)

0z —z) — 7

where j(*) is an (IV —1) x 1 column vector. It may be constructed
by a variety of means using, perhaps, Lagrange interpolation. In
general, it will be sparse and must satisfy the first moment condi-
tion [31], or that 17§(®<) = 1, where 1 is an (N — 1) x 1 vector
consisting of ones (mirroring the property of the delta function that
it integrates to unity). See [23]. Such a representation here can be
used directly in order to simulate a pointwise forcing (as in (4), (8)
or (9)), or as an interpolant, as in (8) or (9), so that

s\ T
w(ze,t) = (] u(t). (16)
The object here is to arrive at a semi-discrete form of (1):
LY =FO + Fl+F) +FY - F . an
Distinct approaches to semi-discretisation will be taken for the dif-
ferent components of the model, grouped into categories as below.

3.1. Linear Operator and Excitation

The linear operator (3) may be semi-discretised immediately as
£L®) = pAii— ToDu+ EID*u+2pAcoi—2pAciDu. (18)

Using an approximation to a delta function as in (15), centered at
Ze, the excitation force density (4) may be semi-discretised as

S 1 (T
F = i 1) (19)

3.2. Geometric Nonlinearity

For the geometric nonlinearity, with force density as defined in (6),
a semi-discrete form follows, using summation by parts, as

_EAh

Fie = oL

(uTDu> Du. (20)
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3.3. Fretboard and Frets

For the fretboard and frets, a different approach is taken here,
following the SAV methodology. Here, beginning from a semi-

discrete potential energy term 7A (u), one may write
v =gyl @1

where here, v is a scalar auxiliary variable—the key here is that the
potential energy contribution has been quadratised. At this point,
semi-discrete force densities follow as

FO = -1v,V® = 1y, Vuy, (22)
N——
g

where V is a gradient with respect to the dependent variable u. 1)
becomes a new state variable, to be updated in an eventual discrete-
time implementation. To this end, note that one may write

o = (Vuhe)" 1 =gl (23)

The relevant semi-discrete potential energy terms, correspond-
ing to the fretboard and frets are:

Ve = Kol 1" [b — u)3P (24a)
M ap+1
(s) _ Kr _ (.(mq))T
Vi v > [mo j u . (24b)
g=1 +
Here, b = [by,...,bn_1]7 is the fretboard profile sampled at the

N — 1 interior grid locations.

3.4. Finger

The case of the finger is similar to that of the frets and fretboard
outlined above, but now the potential energy must include contri-
butions from both the string and finger. Now, one may write

@ +1
(s) _ Kra (-(IFG))T _ re _ 1 2
Vra po—— [ J u—w N 21/JFG (25)

and thus

s s 19}
F = Lgpe Ve and  fE) = —gra OS | (26)

——— ow
g8FG Y
IrG

The defining equation for w remains as in (10). It also follows that

Jrc = gral + ghat - @7

The computation of g. and gpc needs to be handled
carefully—see Section 4.7 for details.

3.5. Energy Balance

An energy balance in the semi-discrete case is of the form of (11):
HS 4 Q(S) — p® , (28)

where H(®) has the same decomposition as in the continuous case

in (12). For the linear system,
pAh EIh
2

T = P28 q)? v® :—T%huTDujL—2 u"D%u (29)

where for a vector f, ||f||> = fTf. For the nonlinearities,

EAR? / 1 2 s 1
8T(u Du) Vé’%YFGZE’L/JéFng. (30)

The kinetic energy for the finger, from (13f) remains unchanged
under discretisation, and the loss and power terms become

() _
VKC -

QY = 2pAh (ao||u|\taluTDu) (3la)
T
PO = (J) e . (31b)

The non-negativity property of H ) and Q©® persists in the semi-
discrete case (note that D is negative definite by construction).

4. FULLY DISCRETE FORM

First define a time step k = 1/fs in terms of a specified audio
sample rate f, in Hz. The (N — 1) x 1 vector u™ represents an
approximation to u(t) at ¢t = nk, for integer n. The excitation
force signals fe(t) and frc(t) may be sampled as fI and fpq,
respectively. For auxiliary variables 1. (t), as defined in (21), an
. . . n+1/2 . .
interleaved approximation . is employed, representing an
approximation to 1. (t) at t = (n + 1/2)k for integer n.

Basic shifts e and e_, applied to a time series ¢, where v is
either integer, or half-integer, are defined as

er¢=¢" e V=0t (32)

Forward, backward and centered difference approximations to a

first time derivative follow as
Di=x7(ex—1) Do=5(ey —e_) (33)

and averaging operators M4 and M, as

M:=31(1+es) Mo =121(eq+e). (34)
An approximation to a second time derivative follows as
Dy =DiD_ = k%(e+—2+e,) . (35)

As in the semi-discrete case, we proceed through the various
components of the full model.

4.1. Linear Operator and Excitation

The linear semi-discrete operator defined in (18) may be discre-
tised as follows

£9n =AD" — TyDu" + EID*u" (36)
+ 2pAcoDou™ — 2pAciD_Du" .
This is the standard “explicit" discretisation of the linear stiff string

[23]. The semi-discrete form of the excitation force density from
(19) remains the same, under the replacement of fc(t) by f&'.

4.2. Geometric Nonlinearity

Following early work on energy-conserving numerical methods
for the Kirchhoff-Carrier string [32], the fully discrete form of the
force density is chosen to be

EAR
2L
Note the appearance of the additional time-averaging operation

Mo, as defined in (34). A scalar auxiliary variable is not neces-
sary in the discretisation of this nonlinearity.

Fm = (W) DMou")Du". (37
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4.3. Collisions: Fretboard and Frets

For the fretboard and frets, one may begin from the semi-discrete
forms in (22) and (23), which may be discretized [18] as

FOr = b (Mopr ) g (38a)

D 2% = (g")" Dou™. (38b)
4.4. Collisions: Finger
Finally, the dynamics of the finger are discretised as
MraDow™ = (d>’ + fera (39)

where fJ'pq is sampled from fo ra(t). The force density and
force may be written as

‘F'lg‘dG),n = (M— n+1/2) g?‘G f(d) (M wFG) QFG
(40)
It also follows that
D_ypdt? = (ghe)” Dou™ + gl Dow™ . A1)

4.5. Energy Balance and Stability Condition
A discrete-time energy balance follows from the scheme above as
D_HY ¢ Q(d) — p@ ’ (42)

where the decomposition of H® = H(®:"+1/2 jg a5 in the con-
tinuous and semi-discrete cases, with all terms now assumed de-
fined at time step n + 1/2. For the linear system,

7Y = 222 (D_u"™)" (Iv—1 + 01kD) D_u"™" (43a)
VY = &™) (~ToD + EID?) u" . (43b)

For the nonlinearities,

d 2 nt\T n\2 d nt1/2 )2
VIEC) = Eéqub ((u ) Du ) V]é,lg,FG = %( B,F,{?G)

(44)
For the finger inertia, one has
T = Mec (D_yw™ )2, 45)
The loss and power terms, defined at time step n, become
QW — 254 (ao||Dou"\|2 - al(Dou")TDDoun)(%a)
@ n (i@ ogn g n
P@ = 2 (j9) Dou” + flwaDow". (46b)

For stability, note first that Q(d> > 0. It remains to find
conditions under which the stored energy H @ > 0. Given that
the nonlinear potential energy contributions from (44) are all non-
negative, all that is necessary is to find a non-negativity condition
on the linear potential and kinetic energy terms, from (43). This
leads, ultimately, to the bound A > hmin, Where

hnin = 5 (Tok +4o1 + \/(Tok +4al) + 1?,5[) )

This serves as a numerical stability condition for the scheme [11].

4.6. Condensed Vector-matrix Update Form

The scheme presented in the previous sections is undeniably
complex—mainly because of the use of disparate discretisation
approaches for different parts of the problem—all in the interest
of maximizing efficiency. The key feature is that in all the up-
dates presented, the unknown appears linearly, meaning that iter-
ative methods such as Newton-Raphson are not needed. What is
perhaps less obvious is that the algorithm is mainly explicit, with
only a small (size four) linear system solution required. It is thus
useful to see the ultimate form of the update.

First, define a combined state z" = [(u™)”,w"]7, including
both the string displacement and finger displacement in a single
N x 1 column vector. Furthermore, one may also consolidate

the three scalar potentials into a single 3 X 1 column vector as
‘I,n+1/2 _ [ n+1/2 n+1/2 n+1/2]T
= ¥B » Yr » YrG

T
= [f&, fira]
as well as "~ /2 it is possible to write the entire update as the
sequence of operations

n]T

, and the two input force

signals into a 2 x 1 vector f" . Givenz" and z" !,

Anzn+l — bn ‘Iln+1/2 _ \11"71/24'_% (Gn)T (Zn+1 _ anl) )
48)
In the primary update of z" ™%, A™ and b™ are an N x N
matrix and N X 1 vector, respectively; both must be constructed

anew at each time step. The vector b™ may be written as
b" = Bz"+Cz" '+ Ef" (49)
7AGn‘I’n71/2 + iAGn(Gn)TZn71 o kn(kn)Tanl .

Here, B and C are N x N constant matrices, and E is an N x 2
constant matrix, defined by

B [rhr(2v 1+ 2E D ELED2 1201 kD) 0

I 0 2
(50a)

r 1
I 0 -1
[k s 0

E = pAh(lBookﬂe s ] (50¢)
L Mpq

that represent the linear dynamics of the string simulation, where
In_1isthe (N —1) x (N — 1) identity matrix. All are extremely
sparse. The term involving the N x 3 matrix G™ and N x N
constant diagonal scaling matrix A, defined by

n n n L
G" = {gOB gOF g/F,S’} A= {Mhuwok)INl 1?2
el 0 §r v
(51)

follow from the collision model. Notice that the same matrix G™
is used in the update of W™ t1/2 from (48). The N x 1 vector k™
follows from the Kirchhoff-Carrier model, and is defined as

n T
K" = 5/ srirs [(Du™) 0] (52)

Finally, the matrix A is defined as
A=1Iy+iIAG"G"" +k"(K")". (53)

In terms of computational cost, the main nontrivial operations
are the calculations of the vectors g.—see the next section for
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more details. Beyond this, all other operations are sparse. An
exception is the need for a linear system solution in (48) involv-
ing the N x N matrix A" in (53). But A" is in the form of a
low-rank (four) perturbation of the identity, and thus very efficient
resolution methods such as the Woodbury identity [33] can be em-
ployed. This avoids both the computational expense of iterative
methods, and of fully linearly-implicit methods, where in general
one would require the resolution of a full linear system of size IV,
and thus is the key to real-time performance.

Audio output y™ is drawn from the string as y™ = (j**))Tu",
where j(°) is an interpolant selecting the location & = .

4.7. Calculation of Potential Gradients

Vectors of the form g7, which scale with the gradient of a poten-
tial, and as defined in (22), play a central role in the operation of
the scheme described above. The simplest choice for computing
the nonlinear potential gradients is using the analytic expressions:

~n (Vu V*)n ~/,n

& = qun = (OVrG /Ow)™
T Vavrre T vt
where € is a small gauge constant [18], in this case set as machine

epsilon. Here, the values V. are obtained by evaluating equations
(24) and (25) at time step n, and the gradients take the form:

(54)

(VuVs)" = —hKgp[b — u"]5® (55a)
(VUVF)n —KF [mo — JTun]aF (55b)

T ArG
(OVrG /Ow)" = —Kra [(j(xFG)) u” — wn] (55¢)
+

(VuVia)" = —jFS) (OVig /Ow)" (55d)

where J is a (N — 1) x M matrix whose columns are the fret
interpolators j(4).

It is known, however, that simply using the analytic values pro-
duces an anomalous behaviour of the auxiliary variable )™~/
that a) can exhibit long-term drift [34], and b) exhibits spurious
sign flipping, meaning that the resulting force may be oriented in-
correctly. The solution proposed in [22] is to impose the constraint
9" *1/2 > 0. This results in a quadratic equation to be solved dur-
ing contact times, yielding a scaling factor for g;'. In this work,
we propose a similar method, applied here to the computation of
g% and g% (and not to the finger, which exhibited less drift than

in the case of the fretboard or frets). The technique described here
is based on the constraint: MJ/)IJH/ 2 > 0. In fact, from (38a),
it is apparent that if M_ ";Z)fﬂ/ % remains positive, the sign of the
expression is determined only by g7, which is negative by defi-
nition. This ensures that the force F* is oriented upwards. By
considering equation (38b), the constraint becomes:

n— 1 n AT n—
27 1/2+§(g*)T(u H_umh > 0. (56)
Here, 1™ is the update of the system with no external forc-

ing, and in presence of only the relevant nonlinearity (from the
fretboard or frets). In this case, the Woodbury identity reduces to
the Sherman-Morrison formula [35], and one has:

1Agl(g")b"

ﬁn+1 _ Bn _ : _ ,
1+ 3(g¥)TAg?

(57)

with
b" = Bu"+Cu" ' — Agler 7+ LAgl(gl)Tu" " (58)

Here, B, C, A are the upper left-hand (N — 1) x (N — 1)
blocks of (50a), (50b) and A in (51) respectively. By inserting (57)
and (58) into (56) and solving for g’ one gets:

I 4 (g)T(Bu" + Cu" T —u" ) >0, (59)

en

Now, as in [22], let g £ g7, where ~ is a scalar. Then, (59)
becomes a first-order, scalar inequality in . The linearity of the
expression guarantees a unique solution under the condition:

N> 4" e (60)

Equation (60) yields a scalar multiplier for g, to be applied
when (59) is not satisfied for g/ = g.'. Thus, we set y as:

SR En £0 and €7 < 4yl
Y= MU e =0 and €771 #£0
1, otherwise

(61)
While the upper condition is designed to ensure the non-
negativity of M_v" /2, the purpose of the middle condition is
perhaps less obvious. Here, €' = (g7~!)T(Bu" 4 Cu" ' —
u™1), and the condition is satisfied only at the first instants with-
out contact. Using the gradient from the previous time-step en-
forces M_1y" /% =0, meaning that no residual energy is stored
during non-contact periods. Finally, A is a scalar multiplier that
allows the condition (60) to be satisfied away from the equality.
Here, it was set A = 0.5 if —4¢"~Y/2/¢é""1 < Qand A = 1.5 if
_411)7171/2/67171 > 0.

5. REAL-TIME IMPLEMENTATION AND TIMING
RESULTS

The algorithm was prototyped initially in the Matlab environment,
and then ported to offline C++ in order to gauge the CPU per-
formance on a number of different machines. Whilst the vector-
matrix form described in Section 4.6 is algebraically compact and
efficient for prototyping in Matlab, for high performance C++ the
sparse matrix operations are unrolled into their equivalent vector
updates. The core elements of the algorithm that are performed at
each time step are as follows: a) compute the linear update to the
string and finger, for the terms in (49) employing the matrices B,
C and E; b) compute k™ from (52), and the accompanying term
in (49); compute the columns of G™ from (51) corresponding to c)
the fretboard, d) the frets and e) the finger, and the accompanying
term in (49); and f) perform the linear system solution required in
(48), using the construction of A™ from (53) and the Woodbury
identity, and the update of U™ +1/2 from (48). Final steps of neg-
ligible computational cost are the reading the output and a pointer
swap of the state vectors. With attention to the content and data
arrangement in the FOR loops being used, the Clang compiler at
-Ofast was able to fully vectorise all of the core updates of the
algorithm without the use of manual intrinsics.

Performance testing was carried out on a model containing a
single string with 20 frets on the fretboard and a single finger. The
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tension and radius of the string were varied to give results for a
typical set of acoustic guitar strings from low E to top E tuning.
Test machines were a Mac Pro with a Xeon ES processor, a Mac
mini with Apple Silicon M1 processor, and MacBook Pro with
an M2 Pro. Table 1 shows the resulting computation times for
simulations of 44100 timesteps.

Table 1: Computation times for C++ over 44100 time-steps.

String Xeon E5 Apple M1  Apple M2 Pro
1 (low E) 0.18s 0.13s 0.11s
2 0.18s 0.13s 0.11s
3 0.15s 0.11s 0.10s
4 0.13s 0.09s 0.08s
5 0.12s 0.08s 0.06s
6 (top E) 0.09s 0.06s 0.04s

These results show that it is possible to run a 6-voice model for
a full guitar simulation within the necessary bounds for a real-time
instrument. Examining the CPU usage for the various elements of
the time-loop computation gives a breakdown as shown in Table 2
for a low E string (the worst case in terms of compute time).

Table 2: Computation breakdown for optimised C++ for a low E
string.

Section Compute %
a) Linear update 2.3%
b) Kirchhoff-Carrier 1.9%
¢) Fretboard 19.1%
d) Frets 7.7%
e) Finger 5.1%
f) SAV update and solver 63.9%

6. SIMULATION RESULTS

6.1. Numerical Energy Balance

The numerical energy balance (42) is easily demonstrated under
unforced conditions. In order to incorporate the effects of loss,
it is direct to define a total energy E@, including stored energy
HY and accumulated dissipated energy QY as in Section 4.5, as

E@n+1/2 _ pr(d),n+1/2 + Z kQ(d)’V . (62)

v=0

This quantity should be conserved to near machine precision. See
Figure 2, illustrating the time evolution of the various components
of the discrete energy, as well as the relative deviation, defined as:
n _ B@n+1/2_pd),n-1/2
AE" = LH(D:1/2],
cates the nearest power of two to 7, rounding towards zero.

, where the operator |7n]2 indi-

6.2. Audio Simulations

Figure 3 displays the spectrograms of the output signals in three
different situations: a) the string is plucked with force of fo =
5N, at z. = 0.8L, and only the geometric nonlinearity is active.
A pitch glide is clearly observable; b) the string is plucked as in

Energy components (J)

1051
)
10710 Ve .
Vi
B
VF(d)
d d
T<F() + VF(G)
- EZ:Q kQ(d) g
10-15 L I L I
0 2 4 6 8 10
<1012 Time (ms)
2r "L 1
Em ‘ae
0 >
< <
_2 [ .. b
0 2 4 6 8 10

Time (ms)

Figure 2: Numerical energy balance. The upper panel displays the
evolution of the discrete energy components over time. The string
is at rest, while the finger is initially positioned above the string,
with a starting velocity of —0.7 m/s. The second panel represents
the relative energy deviation in the same situation, as defined in
Section 6.1.

(a), and all nonlinearities but the finger are active. The rattling
of the string against the fretboard and the frets is evident at the
first instants; c) all nonlinearities are active, and the string is not
plucked, but the finger is excited with a constant force of fo g =
0.9 N, the result is similar to a finger tap sound.

7. CONCLUDING REMARKS

An efficient method for the simulation of complex dynamics of
the guitar string has been presented here. In terms of efficiency,
it is near to the “baseline" cost of the simulation of a string under
linear conditions, while retaining the feature of an energy balance,
leading to a stable algorithm. Simulation in real time for a full
six-string acoustic guitar is comfortably within the capability of
modest commercially-available hardware.

This good performance relies on judicious choices of discreti-
sation strategies for the different parts of the problem—explicit
methods for the linear part of the problem, coupled with spe-
cialised energy-based discretisation methods for the nonlinear
components of the dynamics. Here, we have chosen to attack
the four distinct nonlinearities separately, leading to a 4 x 4 lin-
ear system—which is not expensive. A better approach would be
to consolidate all of the nonlinear dynamics into a single scalar
potential, eliminating the need for any linear system solution, at
the expense of less algorithmic control (and in particular the dis-
tinct approaches to the calculation of the potential gradients, as
discussed in Section 4.7.

Many features have not been included here. Most important
are: a) string motion in distinct polarisations, and b) the model-
ing of the coupling to the body and radiation. Incorporating a) is
certainly possible, and would roughly double computational cost,

DAFx.7
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Figure 3: Audio simulations: a) plucked string with geometric nonlinearity alone; b) plucked string with geometric, fretboard and frets
nonlinearities; c) finger tap simulation. These spectrograms correspond to a guitar D string, with parameters as given in [11].

and introduce a wider sound palette, through the angle of plucking
relative to the fretboard (and the accompanying additional con-
trol complexity). Incorporating b) through a full physical model
is infeasible, though such effects can be approximated through the
use of measured body responses. Further work in the very near
future will include plugin development, and examining the very
large problem of instrument control—not addressed here.
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7.2 Physical modelling of the yaybahar

This section is based on a paper presented at the International Conference on Digital Audio
Effects (DAFx) in 2023 [181]. It introduces the physical model of the yaybahar, a recently
invented acoustic musical instrument. The model uses a modal approach featuring a bowed
string connected to a distributed bridge at the boundary. Springs are attached to the bridge, set
in motion by its vibrations, and are connected, at the opposite end, to a tensioned membrane.
The elements are interconnected using an energy-consistent framework through boundary
forces. Additionally, a modal model of a thin spring is presented, utilizing analytic modes.
This specific model is not detailed elsewhere in the thesis.

The springs and the membranes are treated here as feed-forward elements, as discussed
in Section 2 of the paper. This approximation significantly simplifies the modal approach
and allows for the formulation of a set of boundary conditions for the spring that yield a
closed-form expression for the mode shape functions, similar to that of the linear string
discussed in Chapter 2. The simplification has little impact on the instrument sound when
the excitation originates from the string. However, the yaybahar was also designed to be
excited from the membranes and springs, producing echo and reverb effects [59, Instrumental
Interlude 2]: this part of the dynamics cannot be captured with the simplified inter-object
connections. Future work should incorporate physically motivated boundary conditions for
the spring, along with a fully coupled model with bi-directional connections.

Additionally, in the original yaybahar design, the springs were attached to the strings
near the bridge, whereas other iterations of the instrument have them attached directly to the

bridge. The latter approach was adopted in this work.

Paper errata

The curve in Figure 3(c) of the paper, along with the corresponding formula in the caption, is

incorrect. The correct version is presented in Figure 6.1 of this thesis.
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ABSTRACT

This work presents a physical model of the yaybahar, a recently
invented acoustic instrument. Here, output from a bowed string is
passed through a long spring, before being amplified and prop-
agated in air via a membrane. The highly dispersive character
of the spring is responsible for the typical synthetic tonal qual-
ity of this instrument. Building on previous literature, this work
presents a modal discretisation of the full system, with fine control
over frequency-dependent decay times, modal amplitudes and fre-
quencies, all essential for an accurate simulation of the dispersive
characteristics of reverberation. The string-bow-bridge system is
also solved in the modal domain, using recently developed non-
iterative numerical methods allowing for efficient simulation.

1. INTRODUCTION

The yaybahar is an acoustic musical instrument, recently invented
by Turkish artist Gorkem Sen '. It consists of a neck, with two
strings and a fretboard, to which two long springs are attached;
each spring is in turn connected, on its opposite end, to a tensioned
membrane. The instrument, depicted in Figure 1, is played by ei-
ther bowing and plucking the strings, or by hitting the springs and
the membranes with a mallet. The yaybahar can be described as
a cello-like instrument, where amplification is provided by springs
and membranes, and not by a resonant body. This structure pro-
vides a distinctive reverberant sound, mainly due to the character-
istic sound transmission of springs [1]. Given its modular design,
the yaybahar lends itself well to physical modeling simulation:
in fact, all its components are widely studied systems in physi-
cal modeling literature [1, 2, 3]; therefore, a model can be imple-
mented by first simulating the different modules, and by then con-
necting them together appropriately. A first physical model of the
yaybahar was recently proposed by Christensen et al. [4]. There,
the strings and membranes are described by the Kirchhoff-Carrier
and the Berger models respectively [2, Chapters 8, 13], thus incor-
porating mild nonlinear effects, while the spring is modeled by a
linear stiff bar, following [5]. The components are then coupled
by lumped, spring-like connections, and the full model is simu-
lated by using finite-difference-time-domain (FDTD) methods.

https://www.gorkemsen.com/
gorkem-sen-s-yaybahar
’https://commons.wikimedia.org/wiki/File:
Yaybahar. jpg
Copyright: © 2023 Riccardo Russo et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, adaptation, and reproduction in any medium,

provided the original author and source are credited.

Stefan Bilbao

Acoustics & Audio Group
University of Edinburgh
Edinburgh, UK
sbilbaoled.ac.uk

Figure 1: The yaybahar (Source *)

In this work, a different approach is proposed, based on a
modal decomposition of the subsystems. The bowed string, in
particular, is simulated in the modal domain following the non-
iterative procedure developed in [6], and building on the results
presented in [7]. The spring and the membrane, acting as rever-
beration units, can be simulated efficiently in the modal domain,
incorporating refined loss profiles for realistic reverberation [8, 9].
Here, the interconnection between subsystems is performed in an
energy-consistent framework via boundary forces, rather than us-
ing additional spring-like connections as in [4]. To this end, a
novel model for the coupling between a vibrating string and a dis-
tributed bridge is presented, in the modal domain, which serves as
an emulation for the neck. Given the low amplitude of vibration in
the subsystems, linear models for the resonators are adopted with-
out compromising the realism of the sound synthesis overall, as the
nonlinear bowing mechanism is largely responsible for the typical
drone-like sound of the instrument.

The paper is structured as follows: Section 2 presents the math-
ematical models of the instrument subcomponents, Section 3 de-
scribes the semi-discretisation in the modal domain, Section 4 il-
lustrates the time-stepping algorithms, Section 5 presents the re-
sults of a case study and, finally, Section 6 concludes the paper.

2. MODELS

In this section, continuous models for the various components of
the yaybahar are presented. A diagram of the instrument’s sub-
systems (bow, string and bridge) and their couplings is as shown
in Figure 2. The resulting bridge force is fed to the spring, and
the spring sets the membrane into vibration. As shown below,

DAFx.1
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Spring [—s{Membrane|

Bow == String [= Bridge

Spring  [—s{Membrane

Figure 2: A scheme of the instrument model and the elements con-
nections.

the string-bridge coupling modifies significantly the distribution
of the eigenfrequencies compared to the isolated string. On the
other hand, the spring and the membrane, acting as reverberant
units characterised by a large modal density, are less affected by
couplings at the boundaries. This justifies their inclusion as non-
interacting subsystems, thus considerably simplifying the modal
approach. This design shares some similarities with the commuted
synthesis approach [10].

For simplicity, in this section, the models are presented
here with no damping, except for friction losses induced by the
bow. Viscous-type and radiation damping will be introduced in a
frequency-dependent manner in the modal domain, as illustrated
in Section 3.4.

2.1. Bowed Stiff String and Distributed Bridge

The equations for the coupled bowed string/bridge system are
given here as follows:

psafus = Tsaius — nf@ius — Fyé(x — zp)d(n), (1a)
PpOiup = —Kodiup + 8(z — 25) Fy(t). (1b)

Here, subscripts s, p, b refer, respectively, to the string, the bridge
(“ponticello”) and the bow. In the system above assumes that the
string and the bridge vibrate in a single, vertical polarisation, thus
neglecting the rocking motion observed in instruments such as the
violin [11]. In (1), us = us(z,t) : [0, Ls] x R& — R represents

é(n)
o
#(n)
o

4
-
'
o
o
-

#(n)
o
#(n)
o

-0.5 0 0.5 -1 0

-

Figure 3: Some friction characteristics: (a) Coulomb dry friction;
(b) the curve by Woodhouse and Smith [12]; (c) the curve by Gal-
luzzo [13]; (d) the continuous curve defined in equation 3, with
a = 10 (dashed line) and a = 100 (solid line). For the mathemat-
ical expressions of the four friction characteristics refer to [6].

the transverse displacement of a string of length Lg in a single
polarisation, as a function of spatial coordinate x and time ¢. ps
is the string linear density in kg m~*; T} is the string tension in
N, and k, is a rigidity constant in N'/?m (k2 is typically given

as the product of Young’s modulus times the moment of inertia).
Analogous definitions hold for (1b), the equation describing the
displacement up, = up(z,t) : [0, Lp] x R — R of the bridge.
Here and elsewhere the n'" partial derivative with respect to the
variable « is denoted by 0} .

In (1a), the string is coupled with a bow model, following [6].
The bow excitation is assumed to act pointwise downward at x,,
according to the dimensionless friction coefficient ¢, as seen in
[14]. Various choices for this coefficient are available, see e.g. [12,
13, 2] and also Figure 3. Note that all the four curves displayed in
Figure 3 satisfy:

ne(n) >0, lim ¢(n)/n < oo, ()

[n|—0

allowing a non-iterative time stepping procedure to be used, fol-
lowing recent results in [7]. Here, for illustrative purposes, the
“soft” characteristic defined in [2] was chosen, defined as:

$(n) = V2ane "3, ni= dpulan,t) — v, (3)

The input bow parameters are the bow force F3,, in N, and the bow
velocity vy, in m s~L. Furthermore, in (3), a is a free parameter of
the model adjusting the slope of the curve.

The coupling between the string and the bridge takes place at
the string’s right boundary, and is expressed as an input force Fg
in the bridge equation (1b). The string is assumed to be in contact
with the bridge at z; along the bridge’s domain. The string’s left
boundary, as well as the bridge’s endpoints, are all assumed to be
simply-supported. The complete set of boundary conditions to be
imposed is:

uP(07 t) = Eﬁup(O, t) = uP(vat) = aguP(L}Nt) = Oa (4a)
(0,t 0,

1) = 02us(0,1) = Drus(Ls,t) =0, (4b)
F,(t) = —Todzus(Ls, t) + k203us(Le,t), (4c)
up(2s,t) = us(Ls, t). (4d)

Us

The relations above are assumed to hold V¢ > 0. Note that (4d)
represents a rigid contact condition between the string and the
bridge.

2.1.1. Energy Balance

An energy balance for the bridge is obtained after multiplying (1b)
by Oiu, and integrating over [0, Ly]. After integration by parts,
and owing to (4a), one obtains:

d Ly 2
&/ (%‘J(atup)2 + %(aiupf) dz = tp (25, 1) Fs. (5)
0

Hp

The string energy balance is obtained analogously, by multiplying
equation (la) by Osus and integrating. After suitable integration
by parts, and taking into account the boundary conditions (4b) and
(4c¢), one obtains:

d [is Ps o Ty o K2 oo 2 _

Hs
= - s'us(Ls:t) -5 ﬂ(.l?b,t) ¢(U(3§‘b,t)) (6)
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Finally, owing to the contact condition (4d), and by means of (5),
one may express (6) as:

d Lg Ly
—( Hsdx—i—/ dez>:—Q+P, @)
dt \ J, 0
where the dissipated and supplied power are defined as, respec-
tively, @ := F,no(n), P := —Fy vp ¢(n). Owing to property
(2), in the combined system the energy is non-increasing when the
bow velocity vy, (and, therefore, the supplied power P) is identi-
cally zero, leading to boundedness of the solutions.

Finally, the output force exerted by the bridge onto the spring
is then computed at the desired location 2, as:

Fy(t) = —rp02up (20, t). (8)

2.2. Spring

A model of a thin spring that takes into account the helical struc-
ture is here implemented, following [3]. In fact, the “bar" model
of a spring holds for specific geometries [5], and cuts the low-
frequency echoes that are characteristic of spring reverberators [1].
The system is developed starting from Wittrick’s equations [15],
under the assumption that the wire radius-helix radius ratio 7./ R
is small [16] (see Figure 4). This allows the model to be reduced
to a system of four equations, which relate the displacement in the
transverse and longitudinal directions to the moments along the
same directions:

Ad}v =Rm + (s — 5,)apFp, Dm=RIv. (9)

Here, v := [v,(s,t),va(s,8)]7 : [0, Le] x Ry — R? is the vec-
tor of displacements, where the subscripts 7 and A refer to the
transverse and longitudinal directions, respectively. Analogously,
m := [m,, my]7 is the vector of moments. Above, s expresses
the arclength of the coil, such that 0 < s < L.. The input force
F,, computed in equation (8), is applied pointwise at s = sp,
while the vector «;, is a unit vector that indicates the amount of
force exerted in both polarisations. The matrices A, D € R**?
are diagonal, and given by:

oo Y
A—pC[o 1—1253]’ D=k [0 1+uc—126§}' (10)

Above, p. is the linear density of the coil, in kg m™*, k. is a

rigidity constant in N'/2m, and v, is the Poisson ratio of the coil.
R € R?**? is a symmetric matrix, of the form:

_ [=2w/t (=) /14102
R= [ 0 2u(l02 +1/1) } (n

The symbol [ denotes the ratio R../ cos?(#), where @ is the pitch
angle, R, the coil radius, and y is shorthand for tan(6). A graph-
ical representation of the spring physical quantities is provided in
Figure 4.

2.2.1. Energy Analysis

The energy balance and boundary conditions may be obtained, in
the zero-input (F}, = 0) case, as follows. First, left-multiply the
first equation in (9) by 9;vT. Then, take a time derivative of the

(b) Wire/helix radius.

(a) Directions.

(c) Tilt angle.

Figure 4: Spring physical quantities.

second equation in (9), and left-multiply by mT, where T is the
transposition operator. Integrating the resulting equations gives:

L¢ L.
9vTAdivds =
0 0
L. L.
m'Do,mds =
0 0

O:vTR dsmds, (12a)

m'R(9:0;v) ds. (12b)

Integrating by parts to the right-hand side of (12b), one is able to
express the right-hand side of (12a), which, in turn, can be rewrit-
ten as:

Lc
0

L.
/ (athA 82v +m'D atm) ds = (Bo + m"R d;v)
0

Here

Bo := 10:8;vx (Osmr + 2udsmy) + Opox (2uldZmy — 102m.,)
— 105007 (Dsmy) — Brv, (102my). (13)

By further applying integration by parts, one derives the energy
balance:

d [Fe Le Le
4 | Heds = (Bo + Bi + m™RO,v) o = B. P

(14)
Here, the energy density is:

He =22 ((Or)” + (0n)? + 1 (00:03)%) +

-2

+ 5 (m2 4+ (L4 ve)m3 + P(@0ema)) s (15)

while B is:
B = l2pc(8tm)(838,52v>\) + ZQRC_Qm,\(asath). (16)

It is useful to write the boundary terms in terms of the conjugate
variables forces / velocities and moments / angular velocities [3].
To that end, rearranging the boundary terms in (14) allows to write:

BC - FTatUT + FAat'U)\ + Faatva + m7¢7 + m/\¢)\ + m(r¢<7'
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Here, the o denotes the direction perpendicular to the (7, A)-plane.

Denoting g := —“TZ + 1 4103, one has
FE; = gmx —2um- /I, (17a)
Fx = gmr +2u (107 + 1/1) mx + 1’ pcds0iva,  (17b)
Fy = —0s(ms + 2umy), (17¢)
¢- = 1030vy, (17d)
bx = 2uld2B,vx + 12k;20:0,mx + 10280+, (17¢)
¢ = —0s0vr, (17f)
me = 10smx, 17g)
Vo = lOsVx. (17h)

Setting boundary displacements, forces and moments to zero leads
to a generalisation of the classic beam boundary conditions of free,
simply-supported or clamped type. Here, a variant of free bound-
ary conditions along 7, A will be used, combined with clamped
conditions along o. Hence:

FT:FA:mT:mA:Ua:¢d:0~ (18)

These are intended to hold at the boundary points s = {0, L.},
and Vt > 0. An output signal F¢(¢) may be then be extracted by
computing the sum of the forces F'-, F, F,; at a s,, close, but not
equal, to the boundary L.. Thus:

F.(t) = Fr(So0,t) + Fx(So0,t) + Fs(S0,1). (19)
2.3. Membrane

A model for the membrane is given by the 2D wave equation [2,
Chapter 11]:

pmOiw = Ty V2w + 8(X — X)0(Y — Yo)Fe(t).  (20)

In the above, the two dimensional Laplacian was introduced as
V? := 0% + 0%. For simplicity, and to avoid the introduction
of further symbols, the membrane is supposed to be defined over
a square, of side length Ly,. Thus, w = w(X,Y,t) : [0, Lm] X
[0, Lin] x RT — R describes the displacement of the membrane
in the transversal direction, p,, is the material surface density in
kg m~2, and T}, is the tension applied at the edges in N m~!. An
energy analysis for this system can be found in [2, Chapter 11].
Boundary conditions of fixed type will be considered here, such
that:

w(0,Y) =w(Lm,Y) =w(X,0) =w(X,Lxn) =0. (21)

3. SEMI-DISCRETISATION

The equations presented in Section 2 will be now semi-discretised
in space using a modal approach. While the spring and the mem-
brane possess an analytical form for the modes of vibration, this is
not true in the case of a string coupled with a distributed bridge on
one end. For this reason, the modal expansion for the latter system
will be performed by solving the eigenvalue problem numerically.

3.1. Bowed Stiff String and Distributed Bridge

First, it is convenient to introduce spatial difference operators. The
string domain is divided into M subintervals of length h, the grid
spacing. This yields Mg + 1 discretisation points, including the

end points. Analogously, the bridge is divided into M}, subinter-
vals of length h. The continuous functions us(x,t) and up(z, t)
are then approximated by grid functions u{"(t) ~ us(mh,t) and
up(t) = up(nh,t), for integer m,n. In light of the numerical
boundary conditions given below, one has m € [1,..., My — 1],
n € [1,..., M, — 1]. In vector notation, the grid functions will be
denoted us, up.

Basic forward and backward difference operators, approxi-

mating the first spatial derivative, and acting on u", are:
SEum = £(ulE —u™)/h. (22)

Analogous definitions hold for the grid function uy, thus, for in-
stance, 07 up = (up™ — ul)/h. The second and fourth spatial
derivatives are approximated by difference operators obtained by
combining the operators above, as:
0 =0650,, =050z, (23)
with similar definitions holding for 62, §2. Discrete versions of the
Dirac deltas in (1) are also needed. To that end, 6(x — z) in (1a)
is approximated by the column vector dy, of length Mg — 1, as:
di=(1-a)/h, &7 =a/h, (24)
where v := floor(xy /h), & := 1, /h —v. An analogous definition
holds for ds, approximating §(z — zs) in (1b).

3.1.1. Semi-Discrete Formulation

Given the definitions above, a semi-discrete approximation of (1)
is given as:

psiil" = Tubqul® — KI0,ul* — Fodi'g(n),  (25a)
ppiiy = —kpdsupy + di fs(t). (25b)

Here, n = hd] s — vb. A discrete version of the boundary con-
ditions and contact condition (4) ensuring numerical stability is:

ug = 6311?, = uéwp = 52u§f" =0, (26a)
ud = 52u = 52ul’ =0, (26b)

fot) = —Tuoful™ + K267 S7ul"™, (26¢)
hdTu, = ul®. (26d)

By expanding the operators and applying the boundary conditions,
the semi-discrete equations can be arranged in vector form. To
that end, define u” := [ul, uf]. System (25) can be then written
in compact form as:

Mii = —Ku — F,Jpo(n). @7)

Here, Jy, is a vector obtained by concatenating dy, with a zero-
vector of dimension Mp_1, and n = hJT1 — vp. M is positive-
definite, symmetric, square diagonal block matrix, with diagonal
blocks given as:

M1 = psls, Mao = (pplI, + psh®ded]) . (28)

Here, I and I, are identity matrices, of dimension (Ms — 1) x
(Mp — 1) and (Mp — 1) x (Ms — 1) respectively. Furthermore,
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the stiffness matrix is a positive-definite, square block matrix, with
blocks:

~-T.D; + xD;D3,
Ki» = Kl Koi = [0,5d., — (5B + 2% ) 4],

Ki:

I{ == 2D2D2 + 1 + Fs d d
22 Hp 2z s h2 sHs

where D2 and D? are the second difference operators with
Dirichlet end conditions of dimensions, respectively, (Ms — 1) X
(Mg — 1), and (Mp — 1) x (M, — 1) (for the explicit form
of these matrices, see [2, Chapter 5]). Koq1 has dimension
(Mp — 1) x (Ms — 1), and is a composition of a zero-matrix of
dimension (M, — 1) x (Mg — 3) with two vectors.

An energy balance in the modal domain is readily available
from (27), after left-multiplying by hu™. When v, = 0, one has:

d (B nn  hoo
Il et i = — <0.
T (2u Mu + 5 U Ku) no(n) <0 (30)

Since both M, K are non-negative, the energy is non-negative, and
decays over time.

k_=3.0619
p

I I
102 —%— Coupled 102 % —*— Coupled
—o—lsol. —o—Isol.
0 50 100 0 50 100
Index Index
200
2000
2 2
S 100 S
jo) [
S S 1000
0 0
0 50 100 0 50 100
Index Index

Figure 5: Eigenfrequencies of the coupled system and the ones of a
simply supported stiff string in isolation, under two different values
of kp. The left value is typical of steel, while the right one was
chosen arbitrarily low for demonstration purposes. Other physical
parameters, on common between the two cases, were: Ls = 0.69
m; Ty = 147.7 N; ps = 0.0063 Kg m™?; ks = 0.4835 N/2
m; L, = 0.07 m; p, = 0.0251 Kg m~'. The contact point was
set to: zs = 0.03 m. The top figures report the frequencies in
log scale, while the bottom figures display the difference in cents
between frequencies with the same index.

3.1.2. Modal Expansion

A modal expansion of system (27) is now performed by solving the
generalised eigenvalue problem. For that, consider the following:

KU = MUQ2. 3D

0.05 05 0.05 05
0 0 0 0
z X z X
i=3 i=4
1 1
0 : 0 ‘
1 : -1 :
0.05 05 0.05 05
0 0 0 0
z X z X
i=10 i=12
1 1
0 0
-1 : -1 g
0.05 05 0.05 05
0 0 0 0
z X z X

Figure 6: Modes of the coupled string-bridge system, which were
normalized, and plotted orthogonal one to another for visualisa-
tion purposes. The letter i gives the mode index. The blue line
represents the string, and red one the bridge, while the projection
of the contact point on the z-axis is highlighted with a black dot.
The physical parameters were the same listed in Figure 5, with
kp = 3.0619 N*/2 m,

Here, U is a matrix of real eigenvectors, and Q%isa diagonal ma-
trix of real, positive eigenvalues. Note that, while both K and M
are symmetric, the product MK generally will not be. How-
ever, since M is positive definite, the eigenvalues are then real
[17], and they must also be non-negative since so are the eigen-
values of K. Then, define u = U~ 'u. System (27) may then be
written as:

it = —Qu— R&yo(n), n=£i-m, (G2
with 7 = RJ{U, &, := (MU)~'J},. This a modal system
with a diagonal linear part, with modal coordinates u. One may of
course solve the numerical eigenvalue problem (31) using a very
fine grid (i.e., using a small grid spacing h), though only a number
N, is kept in (32), fixed by Nyquist requirements.

Before proceeding, it is useful to compare the eigenfrequen-
cies of the string in isolation against those of the coupled string-
bridge system. Figure 5 shows two such comparisons, under two
different values of . These are computed for a bar of circular
cross section, with a diameter of 5 mm. The first value (kp, ~ 3)
is typical of steel, while the second value (k. ~ 0.1) was selected
to artificially amplify the effects of the coupling. The top panels
report the frequencies in a log scale: it is seen that the reduced
stiffness shifts the eigenfrequencies downwards by up to two oc-
taves in the lowest range, as seen in the bottom panels. With suf-
ficiently large values of kp, as is the case of steel, the frequency
gap remains contained around the fundamental, as expected, but
it increases up to two semitones for larger modal indices. These
results underline the importance of considering the string-bridge
coupling for in the distribution of the eigenfrequencies.
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The eigenmodes are represented in Figure 6, for a steel bridge.
Here, the first four modes are displayed, along with the 10th and
the 12th. It is possible to see that the bridge eigenmodes start
exhibiting a third node only after the 10th mode.

3.2. Spring

A modal version of the thin spring model was originally proposed
by van Walstijn [18]. In van Walstijn’s model, the modal expansion
is carried out numerically, by first performing a semi-discretisation
in space, and then computing the eigenvalues of the resulting ma-
trix. Such model found practical application in [19], where a vir-
tual analogue simulation of a spring reverb is developed. In this
work an analytic form for the modes is available under a choice
of the boundary conditions as per (18). To that end, consider the
following:

v(s,1) = V/2/Lc cos (v5) ¥(1),
m(s,t) = /2/Le sin (ys) m(t),

where v, m are the time modal coordinates, and the factor
\/2/Lc is just a useful normalisation constant. It is immedi-
ate to see that these satisfy the boundary conditions (18) when
~v={m/Le,2n/Le,...,n7w/Lec,...}.

Let now 7y, := nn/Lc, for integer n. A solution to the
equation of motion is obtained using the quantised expressions
of the modes to solve an eigenvalue problem. Left-multiplying
the first equation in (9) by \/2/Lc cos (7ns), and the second by

v/2/L¢sin (yns) and integrating, one is able to express (9) as:

(33)

AV = v, Rm + /2/Lc cos(ynsp ) o Fy (1), (34a)
Dm = —,Rv. (34b)

Here, the transformed matrices are obtained by applying the
derivatives to the modal functions, and have the form (10), (11)
under the replacement of 82 by —v2. Then, (34b) is used to ex-
press m is terms of v, and this is substituted in (34a). One gets:

V=-VQV 'Y+ /2/Lccos(ynsp) A ap F.
where it was set:
VoIV =2A'RD'R. (35)

Here V is a 2 x 2 matrix of eigenvectors for the wavenumber vy,
and €2,, is a diagnoal 2 x 2 matrix of eigenfrequencies. Figure 7
reports the solution to the eigenvalue problem for a typical spring.
The eigenfrequencies lay on the yellow an purple lines.

Then, define v,, := (V)™ '¥. Thus, one gets:

b, = —Q20 4 \/2/Le cos(nsp) (AV) Lo Fp(t).  (36)

Assume now n = 1,..., Ny. The modal equations for the spring
are then a system of 2N, equations, of the form:

b=—Qo+ & F(t), (37)

where v is a vector of length 2N,, 2, is a 2N, X 2N, di-
agonal matrix, whose diagonal elements are the 2 x 2 diag-
onal blocks €,, n = 1,...N, defined in (35), and §p is
a 2N, vector made composed by stacking the 2 x 1 blocks:
/2/Lc cos(nsp) (AV) tap, n =1, ..., N.

Output (19) is extracted by substituting the solution (33) into
the boundary forces (17c) (17b) and (17a) computed at a position
close to L.

x10*

05r

0 50 100 150 200 250 300
~ (rad x m'1)

Figure 7: Plot of the dispersion relation of a thin spring. Physical
parameters were chosen to be coherent with a possible yaybahar
spring: Re = 9mm, r. = 1mm, 0 = 2° L. =40m, k. = 9.9
and ve = 0.3. These values yield N, = 2812 within the hearing
range.

3.3. Membrane

A particular solution to equation (20) with fixed boundary condi-
tions (21) is given by:

2 X LY
w(X,Yﬂf):L—sinﬁ)z7T sinﬂz7T

w;(t),  (38)

for integers ,6&, ﬂ{, [20]. The associated modal frequency is:

T [T . ;
T Tr (GO RN CTAT MY
m Pm
The modal system for the membrane is then given by:
t = Qg + £ Fu(t), (40)

where 1o is a Ny X 1 vector, 2y, is a Ny X Ny, diagonal matrix
where the jth diagonal element is w; given above. The frequencies
should here be sorted in ascending order, such that w;_1 < w; <
Wjt1, J = 2,..., Nn — 1. This allows to find the corresponding
modal indices 8%, B3,. Above, £, is a Ny x 1 vector whose jth
By mXc B3, wYe

Lm, Ly

component is 7—— sin

Output is extracted as:

sin

2 i Xo . BymYe
— sin PxmX sin Py m¥.
Lm LTVL Lm

w; (t), (41)

though for synthesis purposes it may be convenient to use o (t)
instead.
3.4. Modal Equations of the Full System with Loss

The full system in the modal domain can thus be written as an
augmented version of (32), (37) and (40). This is:

ii(t) = —Qiu(t) — Cui(t) — &, Fog(n), (42a)
B(t) = — Qoo (t) — Cod(t) + £, Fp(t), (42b)
W(t) = —Quw(t) — Coto(t) + € Feu(t), (42¢)
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where C,, C,, C,, are, respectively, Ny, X Ny, 2N, X 2Ny,
Np X Ny positive, diagonal matrices containing the modal loss
coefficients in s 1. System (42) depends on time only, and a suit-
able time stepping routine is offered below. Here, the input pa-
rameters are the bow force Fi,, velocity vy, and position along the
string xp, which may be time-varying. The output is given by the
membrane displacement at the output location, as per (41).

4. TIME DISCRETISATION

Now, time is discretised with a time step k, yielding a sample rate
fs = 1/k. Then, a continuous function u(t) is approximated at
time step ¢t = nk by the time series v". Time difference operators
are then introduced, as:

SEu" = (" —u™) k, Spum = (Wt —u ) 2k (43)
The second time difference is defined by combining the operators
above: 6Zu" := 6,78, u™. Finally, a time averaging operator is
defined as:

piu” = (" 4 ™) /2. (44)

4.1. String-Bridge System

It is now possible to adapt the numerical solver proposed in [7,
6] to numerically integrate equation (42a) in time. To that end,
(42a) is first turned into a 2N, x 2N, system of first-order-in-time
equations. Thus, define q := Quu, p := u. Therefore, (42a)
becomes:

=10 otic [l - [ade] mom.

5 45)
0= [0.€7] M -

p

A second-order accurate, non-iterative numerical scheme is given
as:

n 5?01"] {u?q"} { 0 } o) .
d=c#a i1 9 |R . (46
7 Lﬁ*p 1 p Qple,| oy pen (30

The form of o™, adapted from [6], is:

gy R (Ao s 0 Vo
g = I+ 2 (d’f] n)tzkn |:Q;1€b:| [0767]} ) (47)

and is well-defined, owing to (2). Here, J1, and U are as per Sec-
tion 3.1.1 and 3.1.2, respectively. Expanding out the operators in
(46), one is able to compute "1, p™*! as the solution of a single
linear system, thus avoiding entirely the need for iterative nonlin-
ear root finders. The update equation in this case is:

kE, [ dé 0 k et .
(155 () [ae | el - 50) [ ] =vn

where b™ is known from previous time steps. It is seen that the
update matrix is in the form of a block matrix with fully diagonal
blocks, plus a rank-1 perturbation. This can be solved efficiently,
via the Sherman-Morrison formula [21], as detailed in [6].
Stability of scheme (46) is somewhat harder to prove, though
partial results are available in [7]. Provided one chooses a num-
ber N, of modes lower than the Nyquist limit, empirical evidence

suggests that the proposed scheme greatly outperforms simpler
explicit designs such as forward Euler or Runge-Kutta-type al-
gorithms [22] in terms of stability, while keeping compute times
within reference bounds for efficient simulation.

4.2. Spring & Membrane

The numerical integration of (42b), (42c) may be performed sim-
ply as:

570" = —Qpu" — Codyu" + € Fy, (482)
S = —Qpw” — Cpdyw” + £ FL. (48b)

Various other designs are possible, varying greatly in terms of sta-
bility and spectral accuracy. An attractive alternative is represented
by exact integrators [23, 2], though the schemes above yield a per-
ceptually reasonable reverberation characteristic [8]. Note that sta-
bility conditions arise as: Qy n < 2/k. These set upper limits for
the modal frequencies.

5. OUTPUT SIGNALS

Figure 8 displays the spectrograms of the normalised signals ex-
tracted from the three subsystems. The string physical values were
the ones of a C2 cello string, taken from [14], while the bridge
parameters were the same listed in Figure 5. The bow pressure
was F1, = 0.02 N, and the input and output positions were set to
0.73- Ls and 0.34 - L, respectively. The latter values were chosen
empirically to obtain a Helmholtz motion-shaped output sound [2,
Chapter 7]. The damping profile applied was the one proposed by
Valette [24]. The spring parameters were the ones detailed in Fig-
ure 7. Finally, the membrane physical values were: L,, = 0.5
m, Trn = 3000 N m~! and p,, = 1.26 Kg m™2, and the out-
put point was (X, Ys) = (0.47,0.62) - L,,. A damping profile
was chosen, for the spring and the membrane, which consists of
a frequency-independent (F-I) and a frequency-dependent (F-D)
part; as proposed by Bilbao [2, Chapter 7] the latter depends on
the square of the mode number. The damping coefficients for the
spring were taken from [18]; in the mebrane case, the F-I coeffi-
cient was set to 10, while the F-D one to 5x 105, both chosen em-
pirically. Only a few seconds-long portion of data was analysed,
in order to avoid including too many signal variations. The spring
and the membrane act here as reverberant components. Panel (b)
from Figure 8 clearly exhibits cross stripes which correspond to
the spring chirps. The membrane, on the other hand, introduces
a broadband signal, which mimics late reflections. This is clearly
visible in Panel (c) from Figure 8. Sound samples can be found at
the following Github link®.

6. CONCLUSION

This paper presented a physical model of the yaybahar in the
modal domain. To this end, a modal decomposition of its subcom-
ponents was offered, including a model for the coupling between
a vibrating string and a distributed bridge, and the analytic modal
expansion of a helical spring. In addition, an energy-consistent
method for connecting the instrument components was here pre-
sented, making use of boundary forces.

This work focused on the development of a yaybahar physical
model; nevertheless, different aspects were overlooked, and will be

3https://github.com/Nemus-Project/yaybahar-nit
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Figure 8: Spectrograms of the three subsystems outputs after the
initial transient. Panel (a) displays the spectrogram of the ex-
tracted force Fy,, panel (b) shows the spectrogram of the force
signal F., and panel (c) represents the output signal W, at the
output position (Xo, Ys).

subject of future work. The physical values for the spring and the
membrane were empirically tuned, while running proper measure-
ments on a real instrument would significantly improve the sound
quality. This is valid for the damping profiles as well. In addition,
the membrane was considered to be rectangular, while an accurate
reproduction would employ a circular model. Further future work
will also include a real-time implementation.
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Chapter 8
Conclusion and perspectives

This chapter provides a summary of the content and results of each chapter, followed by

concluding remarks and directions for future research.

8.1 Summary

Chapter 1 serves as a broad introduction to musical string vibration modelling. It reviews
the most significant mathematical models, starting from linear ones and extending to ge-
ometric nonlinearities, collisions, and friction, while presenting fundamental numerical
techniques. Following this review, an examination of state-of-the-art frameworks for the
efficient simulation of nonlinear systems is included, and the specific objectives of the thesis
are outlined.

Chapters 2 and 3 cover linear vibration and introduce the mathematical tools and notation
used throughout the text. Chapter 2 focuses on the continuous domain: it begins with the
concept of potential quadratisation in the lumped case and proceeds with the presentation
of the linear oscillator. It extends to systems of coupled oscillators; then, linear strings are
introduced. This chapter also details modal techniques, including refined, finite-impedance
boundary conditions. Chapter 3 illustrates numerical simulation techniques, starting with
time-stepping methods for both first- and second-order ODEs, discussing differences be-
tween one-step and two-step methods, and introducing the fundamental concepts of stability
(achieved through energy analysis), consistency, and convergence. The FD method is then
discussed for spatial domain discretisation and is applied to linear string models. An original
contribution of these chapters is the development of a model for a linear stiff string terminat-
ing with a spatially distributed boundary condition, serving as a model for a bridge within
an energy-consistent framework. The eigenfrequencies and vibration modes are derived by

solving a discrete eigenvalue problem.



166 Conclusion and perspectives

Chapter 4 discusses geometric nonlinearities. It begins with the lumped case of the
Duffing oscillator. Then, it extends to nonlinear string models, concluding with the KC
string, which is also presented in a modal form and with double polarisation. Quadratisation-
based approaches are first examined in the lumped case, followed by a description of the
SAV procedure for general spatially distributed nonlinear systems. The chapter includes an
in-depth analysis of the performance of SAV in the context of nonlinear transverse string
vibration, including a study on the global error demonstrating convergence. An issue arising
at lower sample rates, linked to anomalous behaviour of the auxiliary variable, is reported.
Finally, a technique based on a physical constraint is presented to mitigate this anomalous
behaviour while maintaining convergence. The chapter concludes with a brief discussion on
applying SAV to the GE string, building on prior work.

Chapter 5 focuses on simulating collisions using penalty models. The discussion begins
with the lumped case of a mass-barrier collision: the performance of a quadratised method is
here evaluated, confirming earlier observations of anomalous behaviour. Three techniques are
compared to address this issue: two from previous works and one adapted from the constraint
introduced in Chapter 4. Convergence is reported for the latter. The discussion then extends
to collisions involving strings, considering both lumped and distributed scenarios. These
cases are solved using SAV, and the constraint technique presented in Chapter 4 is further
adapted to handle distributed collisions. It is demonstrated that this approach effectively
helps in improving the simulation results. However, an open question remains regarding
the role of a shift constant, which must be non-zero to ensure the correct behaviour of the
simulation.

Chapter 6 deals with nonlinear friction induced by a bow. Here, a different non-iterative
approach is utilised, adapted from virtual-analogue modelling. The chapter begins by
discussing a lumped, bowed mass-spring system. Then, the analysis of a spatially distributed
case is examined, by considering the bowed ideal string, which is spatially discretised using
both FD and modal methods. A comprehensive comparison is made between traditional
iterative methods and newly developed non-iterative approaches for both the lumped and
distributed systems. The proposed schemes are shown to produce results comparable to those
obtained with fully implicit methods, while avoiding the need for iterative routines. Moreover,
they demonstrate robust numerical behaviour, outperforming classic explicit integrators, such
as forward Euler, in terms of stability. Yet, the stability properties of these new schemes still
require further study.

Chapter 7 proposes two case studies of physical models of musical instruments using the
techniques and models detailed in previous chapters. It corresponds to two papers presented
at the International Conference on Digital Audio Effects (DAFx). The first study shows the
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simulation of a guitar fretboard. A novel approach is here introduced for solving multiple
nonlinearities simultaneously using SAV, which involves distinct auxiliary variables. This
approach differs from previous works and requires the inversion of a small matrix whose size
matches the number of nonlinear gradients. This method offers more flexibility in algorithm
design, allowing for the application of the constraint equations developed in earlier chapters.
The second study makes use of a bowed string coupled to a distributed bridge, as seen in
Chapter 3, solved through the non-iterative method presented in Chapter 6, combined with
a modal spring model employing analytic modes, to implement a physical model of the
yaybahar.

8.2 Concluding remarks

The aim of this thesis was to explore and advance the use of FDTD and modal methods
for simulating nonlinear string vibration, emphasising the perceptual accuracy of the syn-
thesis and efficiency of the algorithms. This work encompasses different nonlinearities
typically occurring in strings, employing newly developed non-iterative methods. In partic-
ular, quadratisation-based techniques are used for conservative nonlinear forces, enabling
a unified time-stepping procedure. It is demonstrated here that these non-iterative methods
significantly reduce the computational load required to solve nonlinear systems, allowing for
real-time simulation of physical models that were previously far from achieving real-time
performance. This is the case, for instance, of the guitar fretboard presented in Chapter
7. Comparisons with classic iterative methods show that these non-iterative techniques
overcome common challenges, such as variable compute times and issues related to the
existence and uniqueness of solutions. Additionally, while a formal mathematical proof of
convergence is not yet available, numerical testing strongly suggests convergence for these
methods, indicating that the simulation results are reliable at sufficiently high sample rates.

Despite these promising results, some issues remain unresolved. One of the goals of this
thesis was to formulate a general framework for the sound synthesis of nonlinear strings. It
was observed that the quality of the simulations is still highly dependent on careful discreti-
sation choices, particularly regarding the implementation of the nonlinear potential gradients.
This means the algorithm must still be tailored to each specific problem. These issues are
primarily linked to the behaviour of the auxiliary variable, which, if not properly constrained,
does not behave as its continuous counterpart at lower sample rates, leading to inaccurate
simulation results. While solutions were proposed for distinct nonlinearities, a universal
procedure for regularising the auxiliary variable’s behaviour has yet to be established. An

attempt was made here to extend a single technique to address two different nonlinearities, but



168 Conclusion and perspectives

its correct functioning in cases involving collisions requires further investigation. Moreover,
the results are still partial, as a convergence test was not performed for distributed collisions
with constraints applied. Further studies on these techniques will represent an important
direction for future research.

Some systems still require thorough exploration. For instance, while a SAV implementa-
tion of the GE string has been developed recently, no detailed study exists on the behaviour of
the auxiliary variable, nor is there an established technique to address the grid spacing issue
mentioned in Chapter 4. Future work will focus on employing modal techniques to spatially
discretize both transverse and longitudinal motion while also investigating the behaviour of
the auxiliary variable.

Additional research is needed to determine the best strategy for handling multiple non-
linearities. Consolidating all the nonlinear dynamics into a single scalar potential, thereby
eliminating the need to solve any linear system, would result in a much more efficient
procedure. However, studies on auxiliary variable behaviour remain necessary in this case.

Another unresolved issue concerns the stability properties of the non-iterative method
presented for the bow, which requires additional investigation. Furthermore, an important
research direction is extending this method to account for finite-width bow interaction.
Other potential directions for future work include unifying the two numerical methods
by developing a non-iterative procedure to handle both conservative and non-conservative
nonlinear forces simultaneously and incorporating complex boundary conditions in cases

involving geometric nonlinearities and collisions.
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