
Advancements in
Simulating Real-World

Guitars Through Physical
Modelling

Marcus Blinn-Haynes

June 2023

1



1 Introduction

The generation of computer music using the physical modelling of instruments
represents a remarkable intersection between the domains of computer science
and music. As a subset of computer simulations, this approach seeks to mathe-
matically capture and replicate the physical phenomena that produce an instru-
ment’s unique sound. This report specifically focuses on the physical modelling
of guitars—an instrument central to a variety of music genres and styles. The
accurate simulation of a guitar’s rich and nuanced tonal characteristics poses a
fascinating challenge with significant implications for the future of music pro-
duction and performance.

Advancements in physical modelling synthesis have revolutionized the field
of music technology by offering an alternative method for sound production that
can authentically emulate the acoustic properties of traditional instruments. By
employing sophisticated algorithms and substantial computational power, phys-
ical modelling provides a dynamic and versatile platform for musical creativity.

This report will delve into the intricate mechanisms behind the physical mod-
elling the ”enormously complex constructions” (Bilbao et al., 2019) of guitars,
charting its evolution, highlighting its current applications, and discussing the
inherent challenges and potential avenues for future development. The aim is
to provide a comprehensive exploration of this fascinating aspect of alternative
computing paradigms and its profound influence on the creation and experience
of music.

2 Background and Methods

Physical modelling synthesis represents a significant shift from traditional meth-
ods of sound production. Where sample-based synthesis employs recorded audio
files to reproduce the sounds of instruments, physical modelling synthesis instead
utilizes complex mathematical models to simulate the physical processes that
occur when an instrument is played (Smith, 2010). These processes may include
the vibrations of strings, the resonances of bodies, and the effects of different
materials and shapes on sound propagation.

The initial foundation for physical modelling synthesis can be traced back to
the Karplus-Strong algorithm. Developed by Kevin Karplus and Alex Strong in
1983, this algorithm represented an early method for synthesizing plucked string
sounds using a simple digital feedback loop. The simplicity of the algorithm
made it computationally efficient and opened the door for further development
in the field of physical modelling synthesis (Karplus and Strong, 1983).

Over time, the Karplus-Strong algorithm was extended and refined to create
more realistic and diverse sounds. Sullivan (1990), for instance, expanded on
this algorithm to synthesize electric guitar timbres with distortion and feedback.
These advancements showcased the potential of physical modelling synthesis
to create realistic, dynamic sounds that could rival the quality of traditional
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recorded samples.
The waveguide synthesis method, introduced by Smith (1992), further ad-

vanced the capabilities of physical modelling. This method, inspired by the
principles of digital filter theory and wave propagation, allowed for the efficient
and realistic synthesis of a wider range of musical instruments, including guitars.

In the physical modelling of guitars, there are some specific methods have
been developed to account for the complex acoustic properties of this instru-
ment. Bilbao et al. (2020) explored an array of modelling techniques, highlight-
ing the need to capture not only the vibration of strings but also the interactions
with the body of the instrument and the intricate acoustics associated with it.

Figure 1: Six-string guitar model, in the course of a time-varying gesture in-
cluding fretboard and finger interactions. (Bilbao et al., 2020)
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The main one of these techniques is the digital waveguide, a structure that
mimics the propagation of waves in a physical medium. To model a plucked
string, for example, the digital waveguide simulates waves traveling in both di-
rections along the string, reflecting and interfering to create the complex wave-
forms we hear as sound (Karjalainen et al., 1998).

Moreover, the evolution of the field has seen the development of various
software tools and platforms that have made physical modelling synthesis more
accessible and widely used. Among these, Russ’s work stands out for its expla-
nation of synthesis techniques in a comprehensive and understandable manner
(Russ, 2004).

In conclusion, the methods of physical modelling synthesis have continually
evolved, driven by advancements in computational capabilities and a deeper
understanding of the physics of musical instruments. Despite its complexity, the
field has produced algorithms capable of producing highly realistic and richly
detailed sounds, bringing us closer to the goal of true instrumental emulation.

3 Main Issues

3.1 Limitations and Challenges

Despite its significant advancements and promising potential, physical modelling
synthesis is not without its limitations and challenges.

One of the primary challenges is the inherent complexity of accurately mod-
elling the physics of musical instruments. Guitars, for example, are enormously
complex constructions, and the physical phenomena that produce their sound
are intricate and interconnected. modelling the string vibrations is just one part
of the problem; the interactions between the strings and the body, the impact of
different materials, and the influence of the player’s actions all contribute to the
sound produced (Bilbao et al., 2020). Achieving a high degree of realism thus
requires complex models that can be computationally expensive to simulate.

Moreover, as with any computational model, physical modelling synthesis
is limited by the accuracy of the mathematical models and algorithms used.
These models are necessarily simplifications of the real-world phenomena they
represent, and inaccuracies or omissions can lead to less convincing results of
the sounds an instrument would make. It can be challenging to balance the
need for accuracy against the desire for computational efficiency (Smith, 1992).

There is also a considerable learning curve associated with physical mod-
elling synthesis, especially for those without a strong background in physics or
mathematics. Although various software tools and platforms have made physi-
cal modelling synthesis more accessible, understanding and effectively utilizing
these tools can still be challenging (Russ, 2004).

Another challenge is the difficulty of integrating physical modelling synthe-
sis into existing workflows. Many musicians and producers are accustomed to
working with sample-based synthesis, and transitioning to a completely different
paradigm may require significant time and effort.

4



Finally, the field of physical modelling synthesis is continually evolving, and
keeping up with the latest advancements and techniques can be challenging.
Despite these challenges, the potential rewards - in terms of the unique, dynamic
sounds that can be created - make it an exciting area of ongoing exploration
and development.

3.2 Technological Advancements

Over the years, significant technological advancements have driven the evolution
and improvement of physical modelling synthesis, pushing the boundaries of
what is possible in terms of accuracy, versatility, and efficiency.

The foundational work of Karplus and Strong in 1983 established a novel
method for digitally synthesizing the sound of plucked strings. This was a land-
mark development, and the Karplus-Strong algorithm remains a cornerstone
of physical modelling synthesis today (Karplus and Strong, 1983). The algo-
rithm was later extended by Sullivan to incorporate the distortion and feedback
characteristics of electric guitars, enhancing the range of sounds that could be
produced (Sullivan, 1990).

Smith’s work on digital waveguides represents another major advancement
in physical modelling synthesis. By mathematically modelling the propagation
of waves along the strings of a guitar, digital waveguides enable the accurate
and efficient simulation of a guitar’s tonal characteristics. Smith’s ongoing con-
tributions have provided comprehensive updates in this domain, further refining
these methods and broadening their applicability (Smith, 1992; Smith, 1996).

In addition, the integration of physical modelling synthesis into software
platforms and digital audio workstations has been a significant technological
leap. These platforms allow musicians and producers to utilize the power of
physical modelling synthesis without needing to directly engage with the com-
plex underlying mathematics. Instead, they can interact with intuitive graphical
interfaces and tweak parameters to shape their sound (Russ, 2004).

The continuous advancements in computing power have also played a crucial
role in the development of physical modelling synthesis. As the computational
capabilities have grown, so too has our ability to model and simulate increasingly
complex physical phenomena. This has allowed for more accurate and detailed
models that can produce highly convincing results (Karjalainen et al., 1998).

Looking forward, emerging technologies such as machine learning and artifi-
cial intelligence may offer exciting new avenues for the development of physical
modelling synthesis. These technologies could potentially automate parts of the
modelling process or enable new ways of exploring the parameter space of the
models.

3.3 Contrasting Physical Modelling Synthesis with Alter-
native Synthesis Approaches

Various strategies for sound synthesis exist within the realm of digital music
technology. These include additive synthesis, subtractive synthesis, frequency

5



modulation synthesis (FM), and sample-based synthesis. Each of these pos-
sesses their unique advantages and drawbacks, and the combination of different
methods is often employed to realize a specific sound.

Additive synthesis forms intricate sound waves by combining numerous in-
dividual sine waves, each with distinct frequencies, amplitudes, and phases. In
theory, it can emulate any sound but in practice, the handling of a multitude of
sine waves demands substantial computational power, rendering it less feasible
for real-time applications (Russ, 2004).

Subtractive synthesis, in contrast, begins with a waveform of complexity
and reduces or filters out frequencies to mould the required sound. This tech-
nique is more computationally conservative compared to additive synthesis, and
hence it’s widely adopted in both analog and digital synthesizers. However, its
potential to produce varied sounds is somewhat constrained (Russ, 2004).

Frequency modulation synthesis utilizes one waveform (the modulator) to
abruptly vary the frequency of another waveform (the carrier), leading to com-
plex timbres. FM synthesis offers a broad spectrum of sounds and exhibits
computational efficiency, yet predicting and controlling the resultant sound can
be quite complex (Russ, 2004).

Sample-based synthesis operates by replaying audio samples that have been
recorded, which can then be manipulated to generate diverse sounds. The level
of realism it can achieve is high, given that the initial samples can be directly
captured from actual instruments. However, it does not offer the same level of
sound characteristics control as the other synthesis techniques (Russ, 2004).

In contrast, physical modelling synthesis is unique in its attempt to echo the
sound of an instrument by mimicking the physical processes involved in sound
production using mathematical models. This approach affords an impressive
level of realism and control over the sound. Despite these advantages, it must
be noted that it demands considerable computational resources and involves
more intricate implementation compared to other synthesis methods (Bilbao et
al., 2020).

3.4 The Influence of Physical Modelling Synthesis on Mu-
sic Production

Physical modelling synthesis has had a transformative effect on the landscape
of music production. This technology’s ascendancy has been facilitated by the
remarkable advancements in computational power over the past decades. The
impact of this synthesis method can be felt across various aspects of music
creation.

By enabling the realistic digital replication of traditional musical instru-
ments, physical modelling synthesis has expanded the range of sounds accessi-
ble to music producers. This capacity for faithful sound emulation has had a
significant influence on the field, allowing artists to experiment with the sounds
of instruments that may otherwise be unavailable, impractical, or costly to use
in a recording session (Karplus and Strong, 1983; Russ, 2004).
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Moreover, physical modelling synthesis is not constrained to replicating ex-
isting instruments. With this method, sound designers can envision and con-
struct entirely new digital instruments, opening up a broad range of unique and
innovative sounds (Smith, 2010).

Another important factor is the dynamic nature of physical modelling syn-
thesis, allowing real-time changes in parameters to control various aspects of
the sound. This flexibility can lead to more interactive and expressive perfor-
mances. With physical modelling, musicians can control aspects such as the way
an instrument is played, for example, by plucking a string with different forces,
or striking a drum at various positions, leading to an authentic and engaging
performance experience (Smith, 1992; Bilbao et al., 2020).

However, the high computational requirements of physical modelling synthe-
sis can sometimes pose a limitation in a real-time music production environment.
Despite this challenge, the ongoing developments in hardware and optimization
algorithms continue to improve the feasibility and efficiency of implementing
physical modelling synthesis in music production (Smith, 1996).

In essence, physical modelling synthesis has significantly broadened the sonic
palette for artists, sound designers, and music producers. Its ability to emulate
the complexities of real instruments, and create entirely novel sounds, is ushering
in a new era of musical creativity and expression.

4 Summary

Physical modelling synthesis, a method of sound creation that mathematically
emulates the physical processes of traditional instruments, has significantly im-
pacted computer music, specifically in the modelling of guitars. This approach
has brought forth innovative alternatives for sound production, successfully cap-
turing and replicating the complex acoustic properties of guitars.

This technology, despite its challenges—such as the high computational re-
sources required and the intricacy involved in accurately emulating physical in-
struments—has transformed music production. Its dynamic and flexible nature
allows real-time manipulation of parameters, leading to more expressive perfor-
mances. It not only enables the realistic simulation of traditional instruments
but also facilitates the creation of entirely novel digital instruments, expanding
the spectrum of sounds available to artists and producers.

Furthermore, it has advanced with the evolution of computer hardware
and optimization algorithms, overcoming some limitations in real-time envi-
ronments. Thus, physical modelling synthesis has ushered in a new era in music
technology, offering a broader sonic palette, fostering creativity, and influencing
the experience of music creation and performance. Future developments promise
exciting possibilities in the ongoing refinement of this synthesis method.
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