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Chapter 1

Introduction

Some ancient musical instruments survived to this days, but due to the condition of the exemplars
they cannot be played directly, and thus we are unable to hear their sound. However, thanks to the
successful synergy between art, humanities and science, we now possess tools capable of recreating
their sounds, or at least an educated estimate of them.[1] Sound simulation, i.e. the process of
digitally reconstructing the acoustic properties and qualities of musical instruments, has undergone
remarkable advancements in recent years. Specifically, the simulation of ancient musical instruments
present a unique set of challenges and opportunities. Those instruments, presenting great differ-
ences in both their primary material and the techniques used to build them opposed to their modern
counterparts, possess nevertheless unique acoustic characteristics that hold cultural and historical
significance. Physical modeling is a set of techniques used to recreate the sound of musical instru-
ments based on their body geometry and employing the physical laws governing acoustics. This
method involves solving differential equations systems that describe the behavior of reeds, mem-
branes, or turbulent air flows within cavities. By employing detailed geometric data and advanced
computations, physical modeling can simulate the sounds of ancient instruments with remarkable
accuracy. This approach is particularly valuable for surviving exemplars that no longer exist or
are simply unable to emit any sound. Creating sound from a musical instrument using physical
modeling is essential in designing, implementing, and evaluating a real-time controllable model of
the instrument itself. The specifics of the instrument and its audio engine are outlined, along with
the testing environment for evaluating the system’s real-time functionality and the instrument’s
expressive capabilities. This effort requires meticulously designed and inherently complex mapping
schemes, as well as comprehensive assessment, to ensure peak performance and expressiveness.[2]
In this paper, we analyze the state of the art regarding the sound simulation of ancient musical
instruments, exploring the methodologies, technologies, and theoretical frameworks employed in
this interdisciplinary field. By leveraging computational models, signal processing techniques, and
insights from archaeology and musicology, researchers try to give new life to these pieces of human
history, allowing us to experience their rich soundscape in a contemporary context, recreating the
sounds of selected ancient instruments, providing an auditory experience into the past.

The soundscape, or the auditory environment surrounding us, takes an active part in shaping the
sounds that we hear. Sounds have an active way of shaping both collective and individual memory,
making it a unique experience for everyone. Sounds can create a bond among community members
in an extemporaneous way, with the surrounding soundscape representing the auditory events that
define the uniqueness of a place and its culture. This auditory space is volatile, ever-changing, and
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adaptable. It is inherently unique, as no sound can be repeated exactly the same, and the sounds
inside a place possess distinctive qualities that evolves over time[3].

Surmising over a comprehensive review of the literature, this paper synthesizes insights from a
diversified array of scholarly works. A total of 112 essays have been meticulously examined, offering
similar but different perspectives on various aspects of ancient instrument sound simulation. These
references, detailed in the subsequent section, serve as the foundation over which this study is built,
providing a robust framework for our analysis and discussion.

Through this exploration, the aim of this work is not only to showcase the current state of the field
but also to shed light on the challenges and future directions that lie ahead. By understanding
the complexities inherent in simulating the sounds of ancient musical instruments, we can strive
towards more authentic and immersive auditory experiences, bridging the gap between past and
present, tradition and innovation. In the field of musical acoustics, the categorization of musical
instruments is primarily based on their mechanisms of sound generation. These mechanisms signif-
icantly influence the spectral characteristics of the sounds produced by the instruments themselves.
Within the context of Western music up to the beginning of twentieth century, musical instruments
are basically classified into four main categories: string instruments, wind instruments, brass in-
struments and percussive instruments. This classification is pivotal as it reflects the diverse ways
in which musical sounds are generated and perceived[4].

Understanding the sound properties of musical instruments requires a robust classification system.
Some foundational frameworks in this regard are well known in literature, comprising methods for
classifying instruments based on their acoustic properties and driving mechanisms, such as whether
they are plucked, bowed, blown, or struck. This classification helps not only in organizing the
vast diversity of musical instruments but also to reveal similarities in timbre and sound production
mechanisms across different cultures. In this dissertation on ancient musical instruments, this
classification provides a crucial basis for comparing and review the instruments being studied,
enabling a systematic analysis of their acoustic properties.

One innovative approach to understanding musical instruments is based on the concept of self-
organization. This perspective frames the production of sound as arising from the complex inter-
actions within an instrument, such as the air turbulence in the bore of wind instruments or the
bow-string interaction in string instruments. These complex interactions result in simple, perceiv-
able musical elements like timbre and transients. Applying this framework to ancient instruments
allows for a deeper understanding of how their unique acoustic characteristics emerge from their
physical structures and playing techniques. By studying these self-organizing processes, we can gain
insights into the original acoustic environments and performance praxis of ancient cultures.

In the field of Musical Signal Processing and Music Information Retrieval, psycho-acoustics bottom-
up processes play a crucial role. These methods involve analyzing the digital waveforms of recorded
music to extract information about pitch, timbre, rhythm, and other psycho-acoustic parameters.
Advanced algorithms, such as self-organizing maps and Hidden Markov Models,[5] are employed
to predict and classify musical events and structures, and regarding the simulation of ancient mu-
sical instruments, these techniques provide a powerful toolkit. By digitizing the sounds of these
instruments and applying sophisticated analysis algorithms, we can reconstruct and study their
acoustic properties with high precision. This approach bridges the gap between traditional acoustic
research and modern digital methodologies. Integrating these diverse methodologies for classifica-
tion, self-organization, psycho-acoustic analysis, and physical modeling enhances our understanding
and preservation of ancient musical heritage. This interdisciplinary approach not only helps in
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CHAPTER 1. INTRODUCTION

reconstructing the sounds of ancient instruments but also offers insights into the cultural and his-
torical contexts in which these instruments were used. By bridging historical research with modern
technology, this field contributes to the advancement of musicology and opens up new avenues for
exploring the musical traditions of ancient civilizations.

3
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Chapter 2

Virtual Reality

Through this chapter, the aim of this work delve into the intersection of virtual reality (VR) and
the sound simulation of ancient musical instruments. By exploring how virtual reality has been
leveraged in this domain, examining its role in enhancing our understanding and recreation of
historical soundscapes. This chapter will provide a comprehensive review of existing literature and
methodologies, presenting an overview of the current state of research. By analyzing various studies
and approaches, the aim is to gather insights and details that will inform and enrich existing works
in this field. Through this examination, The potential of Virtual Reality (VR) to revolutionize the
experience and study of the acoustic characteristics of ancient instruments is explored.

The Virtual Musical Layout Interface Apps have been developed to function as practical virtual
musical instruments, enabling musicians and composers to play music live with the assistance of
amplification or to capture musical concepts[1].

The exploration of virtual reality musical instruments emerges as a dynamic intersection between
technological innovation and artistic expression. The evolution of immersive virtual reality displays,
as envisioned by Ivan Sutherland[6] in 1965, has culminated in accessible platforms like the Oculus
Rift[7], HTC Vive[8], and open-source alternatives. These advancements have revitalized interest
in immersive technologies, sparking a wave of creativity and experimentation in fields such as new
interfaces for musical expression and sound and music computing.

Virtual Reality (VR) offers significant advancements in the field of sound simulation, providing
immersive environments where auditory experiences can be meticulously controlled and studied. By
integrating sophisticated audio rendering techniques, VR creates realistic soundscapes that enhance
the perception of spatial audio and acoustic properties, crucial for applications in various domains,
including the study of ancient musical instruments.[9]

VR systems are characterized by their ability to produce three-dimensional and multimodal in-
terfaces that engage multiple senses simultaneously. This multimodal approach is essential for
achieving realistic sound simulations that require the integration of visual, tactile, and auditory
feedback. In sound simulation, VR’s ability to render audio dynamically in real-time allows for the
precise manipulation of sound sources and environments, providing a platform for detailed acoustic
analysis and experimentation.

The process of rendering, which involves generating cues for the senses such as 3D audio, is fun-
damental to VR sound simulation. This capability is particularly useful in scenarios requiring
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complex models of sound propagation and interaction, such as simulating the acoustics of historical
environments or reconstructing the sounds of ancient instruments.

One compelling application of VR in sound simulation is the recreation of ancient musical instru-
ments, such as the Greek Aulos. The Aulos, a double-reed instrument, presents unique challenges
due to its complex excitation mechanisms and the lack of modern counterparts. VR facilitates the
accurate simulation of such instruments by allowing researchers to model the physical and acoustic
properties of the instrument within a virtual environment[9].

Through advanced digital signal processing and physical modeling, VR can simulate the sound pro-
duction of the Aulos, capturing its unique tonal characteristics and historical context. Researchers
can manipulate virtual models of the instrument, adjusting parameters such as reed stiffness and
air pressure, to study their effects on sound production. This interactive capability is invaluable
for archeomusicologists, researchers who study the musical practices, instruments, and sounds of
ancient cultures through a multidisciplinary approach. Combining methods from archaeology, musi-
cology, ethnomusicology, and history, archeomusicologists analyze physical artifacts, such as ancient
musical instruments, as well as iconographic and textual sources to reconstruct the music of past
civilizations. Their work involves examining the materials, construction, and cultural contexts of
musical instruments to understand their use and significance in ancient societies. By doing so,
archeomusicologists aim to shed light on the musical heritage of ancient cultures, offering insights
into their social, ritualistic, and artistic practices. and acousticians aiming to understand and
preserve the auditory heritage of ancient civilizations.[10]

Moreover, VR environments can simulate the acoustics of ancient performance spaces, Virtual Real-
ity possess the capability to simulate the acoustics of ancient performance spaces, offering a profound
and immersive tool for studying and experiencing historical soundscapes. By leveraging advanced
digital modeling and acoustic rendering techniques, VR can recreate the auditory characteristics of
ancient venues such as amphitheaters, temples, and concert halls. These simulations involve precise
calculations of sound propagation, reflection, and absorption based on the architectural features
and materials of the original structures.

In academic research, VR simulations of ancient performance spaces enable scholars to analyze
how these environments influenced musical performances and audience experiences. By digitally
reconstructing these spaces, researchers can explore factors such as reverberation time, sound clarity,
and spatial distribution of sound, which are critical to understanding the acoustic dynamics of
historical sites. This approach allows for the examination of acoustic phenomena that would be
impossible to study directly due to the deterioration or destruction of the original structures.

Moreover, VR environments facilitate experiential learning and public engagement by providing im-
mersive auditory experiences that transport users to ancient settings. This capability is particularly
valuable in educational contexts and museum exhibits, where visitors can gain a deeper appreciation
of historical acoustics and musical heritage. By virtually experiencing the soundscapes of ancient
performance spaces, users can develop a richer understanding of the cultural and sensory aspects of
historical music practices[11].

In essence, the application of VR in simulating the acoustics of ancient performance spaces represents
a significant advancement in archeomusicology and related fields, offering new opportunities for
research, education, and public outreach. providing insights into how instruments like the Aulos
would have sounded in their original contexts. By recreating the acoustic conditions of historical
venues, VR allows for an immersive auditory experience that bridges the gap between modern
listeners and ancient sounds [12].
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Virtual Reality technology has found a remarkable application in museums, particularly in the
simulation of sounds from ancient musical instruments. When it is not feasible to play these fragile
or rare instruments, VR offers an innovative solution to preserve and experience their unique sounds
[13].

In many museums, ancient musical instruments are often displayed behind glass cases, preventing
visitors from experiencing their sounds. VR can bridge this gap by providing an immersive auditory
experience that allows visitors to hear the instruments as they would have sounded in their original
contexts. This is achieved through sophisticated digital signal processing and physical modeling
techniques that accurately simulate the acoustic properties and sound production mechanisms of
the instruments [14].

Using VR, museums can create interactive displays where visitors can virtually "play" ancient
instruments. For example, a virtual model of a Greek Aulos can be designed to respond to user
inputs, simulating the tactile and auditory feedback of playing the real instrument. This not only
enhances the educational value of museum exhibits but also engages visitors in a multi-sensory
experience, deepening their understanding and appreciation of historical artifacts[15].

VR also plays a crucial role in preserving the acoustic heritage of ancient musical instruments. By
capturing the sounds of these instruments in a digital format, VR ensures that their unique acoustic
signatures are preserved for future generations. This is particularly important for instruments that
are too delicate to be played or for those that exist in limited quantities[16].

Museums can enhance their exhibits with VR by recreating historical performance spaces where
these instruments were originally played. For instance, a VR setup can simulate an ancient Greek
theater, allowing visitors to experience the Aulos not just as a standalone instrument but within the
full context of a historical performance. This adds a rich layer of historical and cultural context to
the exhibit, making it more informative and engaging.[17] [18][19]. VR technology makes it possible
for a wider audience to access and appreciate the sounds of ancient instruments. Individuals who
may not be able to visit the museum in person can experience virtual tours and auditory simulations
online. This promotes inclusivity and ensures that the educational and cultural benefits of museum
exhibits are accessible to a global audience.

The integration of VR in sound simulation holds promise for continued advancements in both
technology and methodology. As VR systems become more sophisticated and accessible, their
applications in sound simulation will expand, offering new tools for research and education. For
ancient musical instruments, this means more accurate reconstructions and deeper insights into
their acoustic properties and cultural significance.[20]

Despite the extensive development and refinement of virtual musical instruments over the years, Vir-
tual Reality Musical Instruments (VRMIs) have remained relatively underexplored until recently.
The key difference between VMIs and VRMIs is the inclusion of simulated visual elements, pre-
sented through head-mounted displays (HMDs) or immersive visualization systems. This visual
aspect introduces an additional layer of engagement and interaction, providing performers with
unprecedented opportunities for creative expression and sonic exploration.

Yet, the integration of visual feedback into musical performance poses unique challenges and op-
portunities. Historically, the focus of virtual reality research has predominantly centered on visual
feedback, with less emphasis on other sensory modalities. However, immersive technologies hold
the potential to transcend the limitations of traditional instruments, enabling experiences that blur
the boundaries between physical and virtual realms.
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As articulated by Jaron Lanier[14], virtual reality opens doors to musical experiences that defy
the constraints of the physical world. From playing cities to sculpting crystal buffaloes with a
saxophone, the possibilities are boundless. Immersive visualizations serve not only as aesthetic
embellishments but as catalysts for new modes of musical expression, inviting performers to embark
on sonic journeys beyond imagination.

Nevertheless, the integration of VRMIs within the New Interfaces for Musical Expression (NIME)
community has been gradual. Some scholars attribute this slow adoption to a historical focus on
auditory and tactile feedback. However, with the increasing availability of affordable visualization
devices, the potential for VRMIs to bridge the gap between NIME and VMIs is becoming more
feasible.

From pioneering systems like CORDIS-ANIMA[21] to contemporary projects exploring interactive
multimodal environments, the development landscape of VRMIs is rich and diverse. This section
delves into nine design principles for virtual reality musical instruments. Let’s break down each
principle:

2.1 Design Principles for Virtual Reality Musical Instruments

1. Design for Feedback and Mapping:

• VRMIs should integrate sound, visual, touch, and proprioception (the sense of the orien-
tation and movement of one’s body) feedback in tandem. This requires considering the
mappings between these modalities. For example, 3D sound is crucial for synchronizing
auditory and visual elements in the virtual environment.

2. Reduce Latency:

• All interactions within VRMIs should be smooth and have minimal latency. This is
essential for maintaining synchronization between audio and visual feedback, which is
crucial for a seamless immersive experience.

3. Prevent Cybersickness:

• Cybersickness, characterized by symptoms like disorientation and nausea, can occur due
to conflicting information from the visual and vestibular senses. Developers should aim to
minimize factors like latency and display flicker to reduce the likelihood of cybersickness.

4. Make Use of Existing Skills:

• Instead of replicating traditional instruments in VR, developers should focus on extending
their possibilities and creating new interfaces inspired by existing instruments. This
approach encourages innovation and fosters unique user experiences.

5. Consider Both Natural and “Magical” Interaction:

• VRMIs should offer a balance between natural interactions that conform to real-world
constraints and “magical” interactions that defy these constraints. Combining both types
of interactions can enhance usability and creativity.

6. Consider Display Ergonomics:
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• Developers should be mindful of the ergonomic challenges posed by VR devices, such
as head-mounted displays (HMDs). Ensuring comfortable and user-friendly designs can
enhance the overall VR experience.

7. Create a Sense of Presence:

• VRMIs should aim to create a strong sense of presence or immersion for users, making
them feel like they are truly interacting within the virtual environment. This involves
designing virtual instruments that align with users’ expectations and sensorimotor con-
tingencies.

8. Represent the Player’s Body:

• Including a virtual representation of the player’s body in VRMIs can enhance immersion
and provide essential visual feedback. This representation should accurately reflect the
player’s movements and interactions within the virtual environment.

9. Make the Experience Social:

• VRMIs should not only be individual experiences but also facilitate social interactions
and shared experiences. This can include collaborative performances or virtual audience
interactions, enhancing the social aspect of music-making in virtual reality.

CORDIS-ANIMA is a sophisticated modeling and simulation system designed for the synthesis
of both sound and image. It provides a robust framework for accurately simulating the acoustic
properties and behaviors of various objects, including musical instruments. By leveraging the general
formalism of physical modeling, CORDIS-ANIMA is particularly adept at recreating the sounds of
ancient musical instruments, allowing researchers and enthusiasts to explore and preserve their
unique acoustic characteristics.

The core of CORDIS-ANIMA’s approach lies in its use of physical modeling techniques. This
involves creating mathematical models that describe the physical properties and behaviors of an
instrument. These models are based on the laws of physics and take into account various factors
such as material properties, geometric shapes, and the interaction of different components within
the instrument.

2.2 Mathematical Modeling in CORDIS-ANIMA

The core of CORDIS-ANIMA’s approach lies in its use of physical modeling techniques. This
involves creating mathematical models that describe the physical properties and behaviors of an
instrument. One fundamental example of such a model is the vibrating string, which is crucial for
simulating stringed instruments.

2.2.1 The Wave Equation for a Vibrating String

The vibration of a string can be described by the one-dimensional wave equation, which is derived
from Newton’s second law applied to an infinitesimal element of the string. The equation is given
by:

∂2y(x, t)

∂t2
= c2

∂2y(x, t)

∂x2
, (2.1)
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where:

• y(x, t) is the transverse displacement of the string at position x and time t,

• c is the wave speed on the string, given by c =
√

T
µ
,

• T is the tension in the string,

• µ is the linear mass density of the string.

2.2.2 Boundary Conditions

For a string fixed at both ends, the boundary conditions are:

y(0, t) = 0 and y(L, t) = 0, (2.2)

where L is the length of the string.

2.2.3 Initial Conditions

The initial conditions specify the initial displacement and velocity of the string:

y(x, 0) = f(x) and
∂y(x, 0)

∂t
= g(x), (2.3)

where f(x) and g(x) are the initial displacement and velocity distributions, respectively.

2.2.4 Solution to the Wave Equation

The general solution to the wave equation can be expressed as a sum of standing waves:

y(x, t) =

∞
∑

n=1

(

An cos

(

nπct

L

)

+Bn sin

(

nπct

L

))

sin
(nπx

L

)

, (2.4)

where An and Bn are determined by the initial conditions.

2.2.5 Modeling Damping and Nonlinear Effects

To include damping and nonlinear effects, the wave equation can be modified. A common approach
is to add a damping term:

∂2y(x, t)

∂t2
+ γ

∂y(x, t)

∂t
= c2

∂2y(x, t)

∂x2
, (2.5)

where γ is the damping coefficient. Nonlinear effects can be incorporated by adding nonlinear terms
to the equation, depending on the specific physical characteristics of the instrument being modeled.
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2.2.6 Implementation in CORDIS-ANIMA

CORDIS-ANIMA implements these mathematical models using numerical methods to simulate the
behavior of the instrument over time. The system discretizes the wave equation and solves it
iteratively, allowing for real-time sound synthesis and interactive simulations.

CORDIS-ANIMA employs a modular approach, where complex systems are broken down into sim-
pler, interconnected modules. Each module represents a specific physical aspect or component of
the instrument, such as strings, membranes, or air columns.

One of the key strengths of CORDIS-ANIMA is its ability to process simulations in real-time. This
allows for interactive exploration and manipulation of the virtual instrument, providing immediate
auditory feedback that closely mimics the response of the real instrument. The system integrates
principles from various disciplines, including acoustics, mechanics, and signal processing. This
multidisciplinary approach ensures that the simulations are comprehensive and accurately reflect
the intricate behaviors of the instruments being modeled.

2.2.7 Signal Processing Techniques in CORDIS-ANIMA

Signal processing plays a crucial role in the accurate simulation of ancient musical instruments within
the CORDIS-ANIMA framework. The system employs advanced signal processing techniques to
model the acoustic properties and dynamic behaviors of these instruments.

A primary technique used in this context is digital waveguide synthesis, which is particularly effective
for simulating the resonant characteristics of wind instruments. Digital waveguide synthesis is
based on the principle of discretizing the wave equation to model the propagation of sound waves
through the instrument. This method allows for efficient real-time simulation of complex acoustic
phenomena, such as reflections, refractions, and damping[22].

The mathematical foundation of digital waveguide synthesis can be represented by the following
discrete-time difference equation:

y[n] = x[n] +

K
∑

k=1

αky[n− τk], (2.6)

where:

• y[n] is the output signal at time step n,

• x[n] is the input signal at time step n,

• αk represents the reflection coefficients,

• τk represents the delay elements corresponding to the physical dimensions of the instrument.

Another vital signal processing method employed is finite difference time domain (FDTD) modeling.
This approach discretizes both time and space to solve the partial differential equations governing
sound wave propagation. FDTD is particularly useful for capturing the detailed interactions between
the instrument’s structure and the air column inside it, providing a high degree of accuracy in the
simulation[23] [23].

The general form of the FDTD scheme for the one-dimensional wave equation is given by:
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∂2u(x, t)

∂t2
= c2

∂2u(x, t)

∂x2
, (2.7)

which can be discretized as:

un+1

i − 2uni + un−1

i

∆t2
= c2

uni+1 − 2uni + uni−1

∆x2
, (2.8)

where:

• uni is the displacement at spatial position i and time step n,

• ∆t and ∆x are the time and space discretization steps, respectively,

• c is the speed of sound in the medium.

By employing these sophisticated signal processing techniques, CORDIS-ANIMA can simulate the
nuanced acoustic properties of ancient musical instruments with a high degree of realism. This
not only enhances the auditory experience for users but also provides valuable insights into the
construction and performance practices of historical instruments.

Figure 2.1: Short Energy-Time-Frequency responses of the four instruments.

When applied to the simulation of ancient musical instruments, CORDIS-ANIMA proves to be an
invaluable tool for several reasons:

1. Detailed Acoustic Modeling: Ancient instruments, such as the Greek Aulos, have unique
acoustic properties that can be challenging to replicate. CORDIS-ANIMA allows for detailed
modeling of these properties, capturing the nuances of sound production mechanisms that are
specific to double-reed instruments and other historically significant musical artifacts.
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2. Preservation and Study: Many ancient instruments are too fragile to be played or are
available in limited numbers. CORDIS-ANIMA enables researchers to study and preserve the
sounds of these instruments without risking damage. By simulating their sounds digitally, the
system helps in maintaining an auditory record that can be studied and enjoyed by future
generations.

3. Educational and Experiential Value: Museums and educational institutions can use
CORDIS-ANIMA to create interactive exhibits that allow visitors to "play" ancient instru-
ments virtually. This enhances the educational value of exhibits by providing a hands-on
experience that is both engaging and informative.

4. Research and Development: For researchers in the field of archeomusicology, CORDIS-
ANIMA provides a powerful platform for experimenting with different configurations and
hypotheses regarding the construction and playing techniques of ancient instruments. This
can lead to new insights and a deeper understanding of historical musical practices.

CORDIS-ANIMA stands out as a powerful tool for the modeling and simulation of ancient mu-
sical instruments. Its general formalism and advanced physical modeling capabilities provide a
comprehensive framework for preserving and exploring the rich acoustic heritage of historical musi-
cal artifacts. By integrating this system into museum exhibits, educational programs, and research
projects, we can ensure that the sounds of ancient instruments continue to be heard and appreciated
for generations to come.

By adhering to these design principles, developers can create more immersive, user-friendly, and
socially engaging virtual reality musical instruments, opening up new possibilities for musical ex-
pression and interaction.

The evaluation framework consists of three layers:

1. Evaluation Framework:

• Interaction Modalities: This layer focuses on assessing the alignment between input
and output modalities, considering aspects like perceptual integration, mapping, and
latency.

• VR-Specific: This layer addresses VR-specific factors such as cybersickness, virtual
body representation, ownership, and presence.

• Quality and Goals of Interaction: This layer delves into higher design goals, con-
sidering factors like natural and magical interactions, leveraging expert techniques for
musical expression, and creating social experiences.

In the realm of virtual instruments, such as the Virtual Membrane, Xylophone, and Air Guitar,
several notable aspects merit academic scrutiny. These instruments, characterized by their inte-
gration of audiovisual feedback, operate in conjunction with the user’s actions. Reported latency,
approximately 60 milliseconds, poses a potential hindrance to performance quality. While the issue
of cybersickness [24] remains unaddressed directly, the visual nature of interactions may precipitate
this concern. Notably, these instruments diverge from mere mimicry of traditional counterparts,
instead, they extend their functionalities. Despite efforts to foster more natural interaction, chal-
lenges arise due to the absence of tactile feedback, thereby potentially affecting player engagement.
Furthermore, the diminished sense of presence is underscored by the absence of tactile feedback
and opportunities for social interaction within the virtual environment. Additionally, the lack of
representation of the player’s body in the VR setting further shapes the user experience. Moreover,
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Figure 2.2: inverse I.R. (mid) and convolution check (below) for trumpet "v. Bach".

the social dimension of the experience is confined to single-player scenarios, thereby constraining
opportunities for communal engagement.

Gestural FM Synthesizer:

The integration of audiovisual feedback enhances playability in the updated theremin, surpassing
the original model. The reduction in latency significantly improves the player’s immersive expe-
rience, ensuring seamless interaction. However, issues such as cybersickness remain unaddressed,
potentially affecting user comfort. Despite this, the device extends the functionality of its prede-
cessor and offers a more natural interaction interface. Yet, the absence of tactile feedback in its
ergonomic design might impact player engagement and weaken the sense of presence within the
virtual environment. Furthermore, the lack of body representation limits the social experience to
single-player interactions, highlighting areas for potential improvement in future iterations.

Several virtual reality musical interfaces (VRMIs) were presented at the 2015 3DUI contest. Here’s
a summary of each:

1. Crosscale:
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• Uses Oculus Rift HMD and Razer Hydra to play notes in a 3D space, resembling pi-
ano playing. However, expressivity is limited due to the absence of sustain pedal and
resonance, and interaction speed is constrained by arm movement.

2. ChromaChord:

• Combines Oculus Rift with Leap Motion for immersive 3D interaction. Users navigate
panels with head movement and interact with gestures. Challenges include gesture pre-
cision and latency, but the design encourages a variety of performance styles.

3. Wedge:

• Utilizes Leap Motion and Oculus Rift for 360-degree control and bimanual interaction.
Allows customization for composition and performance, but lacks haptic feedback and
may induce cybersickness.

4. Cirque des Bouteilles:

• Players perform on virtual bottles using Oculus Rift and Leap Motion. Offers a playful
environment with grab and point gestures, but lacks realism in sound triggering and may
induce cybersickness.

[25]

Cybersickness, also known as virtual reality sickness or VR motion sickness, is a phenomenon that
occurs when the visual cues perceived by an individual in a virtual environment conflict with the
vestibular system’s sense of balance and motion. This sensory mismatch can lead to symptoms such
as nausea, dizziness, disorientation, and headaches. Cybersickness is a significant concern in virtual
reality (VR) and augmented reality (AR) applications, including those involving the simulation of
ancient musical instruments.

In the context of sound simulation of ancient musical instruments, cybersickness can disrupt the
user’s immersive experience and hinder their ability to engage effectively with the virtual environ-
ment. The disorientation and discomfort caused by cybersickness can detract from the enjoyment
and educational value of exploring digital representations of historical instruments. Moreover, cy-
bersickness may limit the duration of user interactions with VR or AR systems, impacting the depth
of their exploration and learning experience.

However, understanding and mitigating cybersickness are essential for optimizing the effectiveness
of sound simulation in ancient musical instrument studies. By addressing factors such as display
refresh rates, latency, visual fidelity, and motion tracking accuracy, developers can minimize the risk
of cybersickness and create more comfortable and immersive virtual environments. Additionally,
incorporating techniques such as dynamic field-of-view adjustments, comfort modes, and gradual
exposure to virtual environments can help users adapt to VR experiences and reduce the likelihood
of cybersickness over time.

While cybersickness presents challenges in the context of sound simulation for ancient musical
instruments, addressing this issue through careful design and optimization can enhance the overall
effectiveness and user experience of virtual exploration and learning.

As a crucial aspect of heritage building preservation, the study of the acoustic environment has
garnered significant attention from researchers. we can see valuable insights that are essential for
the accurate simulation of sound within heritage buildings, thus enhancing the preservation efforts
and visitor experience.
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The systematic literature review conducted as part of this study, following the PRISMA protocol,
the acoustic environment associated with different building functions, the influence of building
materials on acoustics, the digitization of acoustic heritage, and the measurement and perception
of soundscapes in historical areas.

The acoustic environment of heritage buildings encompasses both the tangible and intangible aspects
of sound within these structures. Tangible aspects include the physical materials and architectural
features that affect sound propagation and quality. Intangible aspects involve the historical sound-
scapes that form an integral part of the cultural heritage and visitor experience. This dual focus
is essential for creating comprehensive sound simulations that are both acoustically accurate and
culturally resonant.

One critical finding from the reviewed literature is the impact of different building materials on
the acoustic environment. Heritage buildings often employ materials that differ significantly from
modern construction materials, resulting in unique acoustic properties. By integrating detailed
acoustic data on these historical materials into sound simulation models, That can achieve a higher
degree of realism and accuracy. This allows for the precise replication of how sounds would have
propagated in these spaces historically, providing a more authentic auditory experience.

Moreover, the digitization of acoustic heritage through modern technologies, such as virtual reality
(VR), offers new avenues for preserving and experiencing the acoustic environments of heritage
buildings. VR can recreate historical soundscapes, allowing users to immerse themselves in the past
and understand the cultural significance of these sounds. Sound simulations can benefit from these
technologies by incorporating dynamic, interactive soundscapes that respond to user movements
and interactions, further enhancing the realism and educational value of heritage site reconstruc-
tions. the importance of soundscape measurement and perception in the conservation of heritage
buildings. Soundscape studies reveal how different sounds contribute to the overall experience of
a site, influencing both the subjective and objective evaluations of its acoustic environment. By
incorporating soundscape data into simulation models, That can ensure that the simulations not
only replicate the physical properties of sounds but also their cultural and perceptual impacts.

integrating the findings from acoustic environment research into sound simulation offers numerous
benefits for the preservation and presentation of heritage buildings. It enables the creation of
more accurate and immersive simulations that reflect both the physical acoustics and the cultural
significance of these historical sites. This approach not only aids in the conservation efforts but also
enhances the educational and experiential value for visitors, fostering a deeper appreciation of our
shared acoustic heritage.

a comprehensive analysis of the research landscape regarding the acoustic environment of heritage
buildings, with a focus on the distribution of studies over time and across various countries. The
findings reveal a growing interest in this field, particularly evident in the increasing number of
publications since 2015, with peaks observed in 2019 and 2020. Such a trend underscores the
significance of understanding and enhancing the acoustic qualities of heritage structures.

Moreover, the geographical distribution efforts highlights prominent contributors, with Spain, Turkey,
and Italy leading in the number of studies. However, notable contributions also emerge from coun-
tries like China, Indonesia, Japan, Greece, and France, signifying a global interest and engagement
in exploring the acoustic dimensions of heritage buildings.

The subsequent analysis delves into the multifaceted aspects of acoustic environment research within
heritage buildings. It identifies four primary dimensions: measurement methodologies, virtual re-

16



CHAPTER 2. VIRTUAL REALITY 2.2. MATHEMATICAL MODELING

ality applications, cultural perception studies, and acoustic reconstruction/design endeavors. Each
dimension elucidates distinct yet interconnected facets of inquiry aimed at comprehensively under-
standing and enhancing the acoustic ambiance of heritage edifices.

Notably, the examination of different building functionalities reveals a nuanced approach to acoustic
investigation. Religious structures, such as churches and temples, dominate the research landscape,
with a focus on internal sound dynamics and their implications for diverse functions, from worship
to musical performances. Methodologically, studies employ a blend of acoustic field measurements
and simulations to capture and analyze intricate acoustic nuances.

The exploration extends beyond religious edifices to encompass other cultural landmarks, including
theaters, museums, and classrooms housed within heritage buildings. These spaces present unique
acoustic challenges and opportunities, necessitating tailored research methodologies and intervention
strategies. Notably, endeavors to improve acoustic conditions often intersect with broader heritage
preservation goals, highlighting the interdisciplinary nature of acoustic environment research in
heritage contexts.

This synthesis underscores the evolving research trajectory and the multidimensional nature of
acoustic environment inquiries within heritage buildings. By bridging disciplinary boundaries and
leveraging advanced methodologies, such as virtual reality and acoustic simulation, researchers aim
to enrich our understanding of heritage acoustics while ensuring the sustainable preservation and
contemporary utilization of these invaluable architectural assets.

The intricate relationship between building materials and the acoustic environment of heritage
buildings. It underscores how alterations in architectural features, including building materials, due
to renovations or changes in original uses, significantly impact the sound environment of these struc-
tures. Over recent years, researchers have delved into the influence of various building materials
on the acoustic ambiance of heritage buildings, with a notable focus on sustainable acoustic ma-
terials. This shift towards sustainable materials aligns with broader efforts towards environmental
conservation and sustainable development.

In essence, the application of sustainable building materials in acoustically modifying heritage build-
ings represents a significant stride towards sustainable preservation and modern adaptation. By
leveraging advanced materials and innovative techniques, researchers aim to strike a balance be-
tween enhancing acoustic quality and preserving the intrinsic historical and architectural value of
heritage structures.[26]

Mixed Reality on the other hand offers a unique platform for immersive experiences by merging
real-world environments with virtual elements, enhancing user interaction through a combination
of graphics, audio, and other sensory inputs in real-time . In the context of sound simulation, MR
provides an opportunity to recreate and interact with audio in a way that bridges the gap between
the physical and digital realms. This approach is especially valuable in applications like the digital
preservation of cultural heritage, where both visual and auditory elements play a crucial role in
conveying the significance and functionality of historical artifacts.

Sound simulation in MR involves various sophisticated technologies and methodologies to ensure
that the audio experience is as realistic and immersive as possible. This includes the integration
of audio with visual cues and user interactions, requiring precise synchronization and high-fidelity
sound reproduction. The main components of sound simulation in MR can be categorized as follows:

1. 3D Audio Rendering
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• This involves creating spatial audio that simulates how sound propagates and interacts
within a virtual environment. Techniques such as binaural audio, head-related transfer
functions (HRTFs), and ambisonics are used to achieve realistic sound localization and
depth perception. This ensures that as users move through the MR environment, the
sound dynamically adjusts to their position and orientation.

2. Sound Source Modeling

• Accurate modeling of sound sources is critical, especially for applications involving mu-
sical instruments. This includes capturing the unique acoustic properties and behaviors
of each instrument. For instance, the project described involves the MR reconstruc-
tion of a historical clavichord, requiring meticulous recording of its sounds and visual
representation of its mechanism.

3. Interactive Audio Interfaces

• These interfaces allow users to interact with the sound in real-time. For instance, the
prototype MR keyboard project utilizes motion detection to simulate playing a virtual in-
strument, where the user’s hand movements trigger corresponding notes. This interactive
approach not only enhances user engagement but also provides a hands-on educational
experience.

4. Latency and Synchronization

• One of the critical challenges in MR sound simulation is maintaining low latency to
ensure that audio feedback is in sync with user actions and visual elements. Studies have
shown that latency above 20-30 milliseconds can be noticeable and disrupt the immersive
experience. Therefore, optimizing system performance to minimize latency is essential.

5. Multimodal Integration

• Combining audio with other sensory inputs such as haptics and visual feedback creates
a more holistic and immersive experience. For example, systems like Phase integrate
haptic feedback with audio and visual elements to mimic traditional instruments and
introduce novel interaction methods.

Applications and Challenges

The application of MR in sound simulation extends beyond recreating historical instruments. It
includes innovative interfaces for music composition, virtual concerts, and educational tools that
provide interactive learning experiences. However, several challenges remain:

1. High Fidelity Sound Capture and Reproduction

• Achieving high-quality sound capture and reproduction that faithfully represents the
original source is complex and requires advanced equipment and techniques.

2. Real-Time Processing

• Ensuring that all elements of the MR environment, including sound, are processed and
rendered in real-time without noticeable delays is technically demanding.

3. User Interaction Design

• Designing intuitive and responsive interfaces that allow natural interaction with virtual
sound elements requires extensive research and user testing.
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The evidences show that the future of sound simulation in MR looks promising with ongoing ad-
vancements in technology. Emerging techniques in machine learning and artificial intelligence hold
potential for more sophisticated sound modeling and real-time adaptation. Furthermore, the de-
velopment of more affordable and accessible hardware will democratize the use of MR in various
domains, from museums to personal entertainment and education.[27]

sound simulation in Mixed Reality represents a dynamic and interdisciplinary field, leveraging ad-
vances in audio technology, computer graphics, and human-computer interaction to create immersive
and interactive experiences. As the technology evolves, it will continue to open up new possibil-
ities for preserving and experiencing cultural heritage, creating innovative musical interfaces, and
enhancing the overall sensory experience in virtual environments.[28]
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Chapter 3

Wind Instruments

Wind instruments, with their unique tonal qualities and expressive capabilities, have played a
significant role in the musical traditions of cultures around the world. This chapter delves into the
fascinating world of wind instruments, exploring their historical development, acoustic properties,
and the diverse contexts in which they have been used. From ancient flutes and reed instruments
to modern brass and woodwind ensembles, wind instruments offer a rich tapestry of sounds and
musical possibilities.

The study of wind instruments encompasses a broad range of disciplines, including musicology,
acoustics, ethnomusicology, and organology. In this chapter, The examination of the structural
and functional characteristics that define wind instruments, focusing on how their design influences
sound production and musical expression. The trace of the evolution of wind instruments through
various historical periods, highlighting key innovations and cultural exchanges that have shaped
their development.

A significant portion of this chapter will be dedicated to the acoustic principles underlying wind
instruments, that will explore how sound is generated and manipulated through the interaction
of air columns, materials, and player techniques. By understanding these principles, gain deeper
insights into the nuances of wind instrument performance and the factors that contribute to their
distinctive timbres.

Additionally, this chapter will review notable examples of wind instruments from different regions
and historical periods. The analyze of their construction, playing techniques, and the musical
roles they have fulfilled within their respective cultures. Through this examination, The aim is to
illustrate the diversity and adaptability of wind instruments in various musical traditions.

In the context of ancient music, wind instruments offer a particularly intriguing area of study. In-
vestigate archaeological findings and historical records to reconstruct the sounds and performance
practices of ancient wind instruments. This exploration will include a discussion on the challenges
and methodologies involved in recreating these instruments and their music, providing a compre-
hensive overview of current research and experimental approaches.

Finally, this chapter will set the stage for our own research endeavors, where will apply modern
technologies and interdisciplinary methods to study and simulate ancient wind instruments. By
integrating physical modeling, acoustic analysis, and virtual reality techniques, The aim is to create
accurate and immersive representations of these historical instruments, contributing to the broader
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understanding of ancient musical practices.

3.1 Advanced Techniques in Ancient Musical Instrument Simula-
tion

The essay titled "Towards a New Approach in the Study of Ancient Greek Music: The Virtual
Reconstruction of an Aulos ’Early Type’ from Sicily" stands as a cornerstone in the realm of ancient
musical instrument simulation. This pioneering research, led by Angela Bellia in collaboration with
the University of Bologna and funded by the Marie Curie Actions programme, introduces innovative
methodologies and advanced techniques to digitally reconstruct the acoustic properties of ancient
instruments.[29][30].

3.1.1 Multidisciplinary Collaboration

At the heart of this research lies a multidisciplinary collaboration, drawing expertise from archae-
ology, musicology, acoustic engineering, and computational modeling. By integrating insights from
diverse fields, the study aims to achieve a comprehensive understanding of ancient musical instru-
ments’ acoustic characteristics and their historical contexts.

3.1.2 Finite Element Analysis (FEA)

Utilizing finite element analysis (FEA), the study conducts computational simulations to analyze
the mechanical behavior and acoustic performance of the reconstructed aulos. By simulating the
vibrations and airflow within the instrument, FEA enables researchers to understand how design
variations and material properties affect its sound production mechanisms.

3.1.3 Acoustic Modeling and Simulation

The research employs advanced acoustic modeling and simulation techniques to recreate the sound of
the ancient aulos within virtual environments. By combining mathematical models of acoustic wave
propagation with data from archaeological findings, the study aims to replicate the instrument’s
original timbre and resonance characteristics.

3.1.4 Spatial Acoustics Analysis

In addition to individual instrument simulation, the study investigates the spatial acoustics of the
archaeological site of Selinunte, particularly focusing on the ’South Building’ and its potential as a
theatral viewing area with unique acoustic properties. Through computational analysis and spatial
sound rendering, the research sheds light on the acoustic dynamics of cultic theaters in the ancient
Greek world, offering new insights into the spatial dimension of sound in historical contexts.

Through a meticulous combination of archaeoacoustics and auralization techniques, the study aims
to bridge the gap between digital reconstruction and acoustic analysis, offering insights into the
aural perception of ancient peoples and the immersive sound experiences they encountered. By
employing impulsive sound sources and 3D scanning technologies, the research endeavors to create
virtual acoustic reconstructions of the Selinunte theatre, shedding light on its sonic environment
and enhancing our understanding of ancient musical performances.
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3.2 Archaeoacoustics and Auralization Techniques

3.2.1 Archaeoacoustics

Archaeoacoustics is a specialized field of study within archaeology and acoustics that investigates
the soundscapes of ancient environments and artifacts. It encompasses the analysis of acoustical
properties of historical sites, structures, and objects to understand how sound was experienced and
utilized in ancient times. This interdisciplinary approach combines principles from archaeology,
musicology, acoustics, and anthropology to explore how ancient cultures might have used sound for
communication, ritual, and entertainment.

Key areas of archaeoacoustics research include:

• Site Acoustics: Investigating the acoustic properties of ancient buildings, such as temples,
theaters, and ceremonial spaces, to determine how sound behaved in these environments. This
involves measuring reverberation times, sound reflections, and other acoustic characteristics
that would have influenced auditory experiences.

• Artifact Acoustics: Studying musical instruments, tools, and other artifacts to understand
their sound production mechanisms and acoustic properties. This includes the reconstruction
and analysis of ancient instruments to explore their tonal qualities and performance capabili-
ties.

• Acoustic Simulation: Using modern technology to recreate and simulate the acoustics of
ancient spaces and artifacts. This allows researchers to experience and analyze historical
soundscapes in a controlled setting, providing insights into the auditory experiences of past
cultures.

3.2.2 Auralization Techniques

Auralization refers to the process of creating audible soundscapes through computational modeling
and simulation of acoustic environments. In the context of archaeoacoustics, auralization techniques
are employed to recreate the sounds of ancient spaces and artifacts, offering an immersive auditory
experience that reflects historical acoustic conditions.

The main components of auralization techniques include:

• Acoustic Modeling: Developing mathematical models that describe how sound waves prop-
agate through and interact with different environments. These models account for factors such
as geometry, materials, and boundary conditions to accurately simulate acoustic behavior.

• Source and Receiver Modeling: Identifying and modeling the sound sources and receivers
within a given environment. This involves characterizing the sound emission properties of
ancient instruments or voices and the spatial positioning of listeners within the acoustic space.

• Convolution: Applying impulse responses obtained from the acoustic models to sound
recordings. Impulse responses represent the unique acoustic signature of a space, and convo-
lution allows for the transformation of dry audio signals into realistic simulations of how they
would sound within the modeled environment.

• Binaural Rendering: Creating spatial audio experiences that replicate how sounds are
perceived by human ears. This technique uses head-related transfer functions (HRTFs) to
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simulate the directional and distance cues that contribute to realistic sound localization and
immersion.

By integrating archaeoacoustics with advanced auralization techniques, researchers can reconstruct
and experience the auditory environments of ancient cultures. This not only enhances our under-
standing of historical soundscapes but also provides valuable insights into the cultural and social
practices associated with sound in antiquity. These methods offer powerful tools for preserving and
studying the acoustic heritage of historical sites and artifacts, enabling a deeper connection with
the auditory past.[31]

The research extends beyond digital reconstruction, incorporating the study of written sources and
archaeological documentation related to music in ancient Greek cultic theatres. By integrating these
diverse sources of evidence, the study seeks to reconstruct how ancient cultures experienced musical
performances within these architectural spaces.[24]

In terms of expected results, the research promises to provide the first acoustic model for the
study of cultic theatres in the ancient Greek world, along with the development of specific tools
for processing 3D models and creating experimental interpretative reconstructions. Ultimately, this
innovative methodology contributes to the establishment of a new theoretical framework at the
intersection of archaeomusicology, architecture, acoustics, and digital technologies.[32]

3.3 Interdisciplinary Collaboration and Technological Innovation in
Ancient Musical Instrument Sound Simulation

In exploring the sound simulation of ancient musical instruments, interdisciplinary collaboration
and technological innovation play pivotal roles in advancing this burgeoning field. One exemplary
case of such efforts is the virtual reconstruction of the Aulos of Selinuse.

3.3.1 Virtual Reconstruction of the Aulos of Selinuse

The Aulos of Selinuse serves as a prime example of how cutting-edge technology and collaborative
efforts among various disciplines can bring ancient musical instruments back to life in the digital
realm. This project combines expertise from fields such as archeomusicology, acoustics, digital
signal processing, and virtual reality to achieve a highly accurate and immersive simulation of the
instrument’s sound[33].

The process begins with detailed archaeological and historical research to gather information about
the Aulos’s construction and playing techniques. This is followed by the application of advanced
physical modeling techniques to create a mathematical representation of the instrument’s acoustic
properties. Digital signal processing algorithms are then employed to simulate the sound production
mechanisms of the double-reed instrument, ensuring that the virtual sound closely mimics the
original.

3.3.2 Digital Signal Processing (DSP) Techniques

Following the acquisition of morphological data and acoustic characteristics, digital signal pro-
cessing (DSP) techniques are instrumental in simulating the sound production mechanisms of the
reconstructed double-reed instrument. DSP algorithms play a crucial role in shaping the timbre,
dynamics, and spatial characteristics of the virtual sound, ensuring a faithful representation of the
original instrument.
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Waveform Synthesis

One of the primary tasks in DSP-based sound simulation is waveform synthesis, where mathematical
models and algorithms are used to generate audio waveforms that emulate the vibration patterns of
the instrument’s reed and resonating chambers. Techniques such as additive synthesis, subtractive
synthesis, and physical modeling synthesis are employed to create realistic timbral variations and
harmonic content.

Filtering and Equalization

To replicate the frequency response and spectral characteristics of the ancient instrument, DSP
algorithms apply filtering and equalization techniques. Low-pass, high-pass, band-pass, and notch
filters are utilized to shape the frequency spectrum of the virtual sound, mimicking the resonant
properties of the instrument’s body and air column.

Spatialization and Reverberation

In order to recreate the spatial and acoustic ambiance of the archaeological site where the instru-
ment was originally played, DSP algorithms incorporate spatialization and reverberation effects.
Techniques such as convolution reverb, delay-based effects, and amplitude panning are employed
to simulate the propagation of sound waves in three-dimensional space, enhancing the immersive
quality of the virtual sound environment.

Real-Time Processing

To enable interactive exploration and manipulation of the virtual instrument, DSP algorithms are
optimized for real-time processing. Efficient algorithms and data structures are implemented to
minimize latency and ensure responsive audio feedback, allowing users to interact with the virtual
instrument in a seamless and intuitive manner.

Virtual reality (VR) environments are utilized to enhance the interactive experience, allowing users
to virtually play the Aulos and experience its sound in a simulated ancient acoustic setting. This
integration of VR not only provides an engaging educational tool but also preserves the auditory
heritage of the Aulos for future generations.

Through such interdisciplinary and innovative approaches, the virtual reconstruction of ancient
musical instruments like the Aulos of Selinunte exemplifies the potential to deepen our understanding
and appreciation of historical soundscapes.

The study of ancient musical instruments encompasses more than the virtual reconstruction of
the aulos from Temple R in Selinus. An extensive exploration of the acoustic and morphological
attributes of this ancient wind instrument reveals significant insights into its organological char-
acteristics and historical importance. The comprehensive analysis elucidates the intricate details
of the aulos, contributing to a deeper understanding of its role and significance in ancient musical
traditions.

The 2012 excavation of Temple R at Selinus revealed a series of votive depositions from the sixth
century BCE, including two parts of a bone aulos. This significant discovery provides valuable
insights into ancient Greek music. The digital reconstruction of this aulos, utilizing advanced
digital technologies to address the challenges posed by the instrument’s fragility[34].
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Through computed axial tomography (CT) scans and 3D modeling techniques, the research metic-
ulously analyzes the structure and morphology of the aulos, revealing its materials, dimensions,
and construction methods. The digital reconstruction process, culminating in the creation of a
three-dimensional artificial copy using polymer material, allows for a comprehensive study of the
instrument’s form and function.[30]

3.4 Computed Axial Tomography (CT) Scans and 3D Modeling
Techniques in Ancient Musical Sound Simulation

3.4.1 Computed Axial Tomography (CT) Scans

Computed Axial Tomography (CT) scans are advanced imaging techniques that utilize X-rays to
create detailed cross-sectional images of objects. These scans involve rotating an X-ray source and
detectors around the object, capturing multiple images from different angles. The resulting data
is then processed using computer algorithms to generate a 3D representation of the internal and
external structures of the object.

CT scans are particularly advantageous in the study of ancient musical instruments due to their
non-invasive nature. They allow researchers to examine the internal features of fragile artifacts
without causing any damage. This is crucial for preserving the integrity of historical instruments
while obtaining detailed information about their construction and materials.

3.4.2 3D Modeling Techniques

3D modeling techniques involve the creation of digital representations of objects in three dimensions.
These techniques can range from simple geometric modeling to complex simulations that replicate
the physical properties and behaviors of real-world objects. In the context of ancient musical
instruments, 3D modeling can be used to reconstruct missing parts, visualize the instrument’s
original form, and simulate its acoustic properties.

The process of 3D modeling typically begins with data acquisition, where information about the
object’s dimensions and features is collected using various methods, including CT scans. This data is
then used to build a digital model that can be manipulated and analyzed using specialized software.

3.4.3 Applications in Ancient Musical Sound Simulation

The integration of CT scans and 3D modeling techniques offers significant benefits for the simulation
of ancient musical sounds. By providing detailed and accurate models of historical instruments, these
technologies enable researchers to explore the acoustic properties and performance characteristics
of instruments that are too fragile to be played or have missing components.

For instance, a CT scan can reveal the internal structure of an ancient wind instrument, such as the
Greek aulos, capturing details about its bore, finger holes, and reed configuration. This information
is crucial for creating a precise 3D model that can be used to simulate how the instrument would
have sounded when played. Advanced software can then be used to analyze the airflow and sound
production mechanisms, allowing researchers to generate realistic auditory simulations.

Moreover, 3D models can be used to produce physical replicas of ancient instruments through 3D
printing, enabling practical experiments and performance trials. These replicas can help validate
digital simulations and provide tangible evidence of the instrument’s acoustic properties.
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The combination of CT scans and 3D modeling techniques represents a powerful approach to the
study and simulation of ancient musical sounds. These technologies facilitate detailed examinations
and reconstructions of historical instruments, ensuring that their acoustic heritage can be preserved,
studied, and experienced by future generations.

The examination of the Selinus aulos, classified as an ’Early type,’ has yielded significant insights
through comparative analysis with similar instruments discovered in sanctuaries across Greece, such
as those in Sparta, Brauron, Aegina, and Locri Epizephyrii. This comparative approach has enabled
researchers to hypothesize the original pitch and tonality of the Selinus aulos, thereby situating it
within the broader context of ancient Greek musicology.

3.5 Technical Analysis and Reconstruction

3.5.1 Comparative Methodology

To accurately determine the original pitch and acoustic properties of the instrument, a detailed
comparative analysis was conducted. This involved examining the dimensions, material composition,
and bore geometry of the Selinus aulos against analogous specimens from various Greek sanctuaries.
Key parameters, such as the length of the instrument, the diameter of the bore, and the placement
and size of finger holes, were meticulously measured and compared.

3.5.2 Acoustic Simulation and Pitch Determination

Using the gathered data, an acoustic model of the Selinus aulos was developed. Advanced computa-
tional techniques, including finite element analysis (FEA) and computational fluid dynamics (CFD),
were employed to simulate the airflow and sound wave propagation within the instrument. These
simulations were crucial for estimating the instrument’s pitch and timbre. The results were cross-
referenced with historical records and musical scales documented in ancient Greek music theory to
validate the findings.

3.5.3 Contextualizing Musical Culture in Selinus

Beyond the technical reconstruction, the study delves into the musical culture of Selinus, providing
a comprehensive view of its significance within the ancient Greek polis. This involved analyzing a
wide range of archaeological findings, including sculptures, painted vases, and terracotta figurines
that depict musical scenes. These artifacts were subjected to iconographic analysis to decode the
visual representations of musical performances and their socio-cultural contexts.

3.5.4 Integration of Archaeological and Acoustic Data

The integration of archaeological and acoustic data offers a holistic view of the musical traditions
in Selinus. For instance, sculptures and vase paintings depicting musicians and dancers provided
visual evidence of performance practices, which, when combined with acoustic simulations of the
reconstructed aulos, enhanced the understanding of how these performances might have sounded.
This interdisciplinary approach enriched the narrative of musical activities in ancient Selinus, high-
lighting the role of music in religious, social, and ceremonial contexts.
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3.5.5 Future Directions and Technological Innovations

Future research can build on this foundation by incorporating emerging technologies such as 3D
printing for creating precise physical replicas of the aulos. These replicas can be used in practical
performance trials to validate acoustic models and offer experiential insights into the instrument’s
playability and sound production. Additionally, advancements in virtual reality (VR) and aug-
mented reality (AR) can facilitate immersive reconstructions of ancient performances, allowing
researchers and the public to experience the musical heritage of Selinut in a more interactive and
engaging manner.

The technical analysis and reconstruction of the Selinus aulos, combined with the contextual study
of Selinus’s musical culture, underscore the importance of interdisciplinary methodologies in ancient
musicology. By leveraging modern technologies and comparative techniques, this research not only
reconstructs the physical and acoustic characteristics of ancient instruments but also revives the
rich musical traditions of ancient Greek society for contemporary understanding and appreciation.

By employing a multidisciplinary approach that combines archaeomusicology, digital heritage, and
material science, this research exemplifies the innovative methodologies driving the study of an-
cient musical instruments forward. Through the meticulous examination of the Selinus aulos, the
study not only enhances our knowledge of ancient Greek music but also unveils new avenues for
interdisciplinary inquiry and cultural heritage preservation.

3.6 Interdisciplinary Inquiry and Technological Advancements

The exploration of ancient musical instruments has evolved into a sophisticated interdisciplinary
field, characterized by the integration of innovative methodologies and technological advancements.
Recent studies highlight this progression, particularly through the works focused on the virtual re-
construction of the aulos from Selinunte, Sicily. These studies illustrate the confluence of archaeol-
ogy, musicology, material science, and digital heritage in uncovering the acoustic and morphological
properties of ancient instruments.

3.6.1 Digital Technologies in Archaeomusicology

Situated within the archaeological context of Selinunte, where the discovery of aulos fragments in
Temple R has reignited interest in ancient musical practices, the application of advanced digital
technologies has proven transformative. Among these technologies, 3D modeling and computed
axial tomography (CT) scans stand out for their precision and non-invasive nature.

3.6.2 Computed Tomography (CT) Scans

Computed Tomography (CT) has emerged as an essential tool in the morphological analysis of mu-
sical instruments, particularly bowed string instruments such as violins, violas, and cellos. Over the
past two decades, CT scanning has been extensively utilized by luthiers and acoustic scientists to
investigate the internal structures of these instruments. Initial studies conducted in the early 1990s
demonstrated CT’s efficacy in revealing hidden damages and verifying the authenticity of histori-
cal instruments. This non-intrusive method produces high-resolution images crucial for valuation,
insurance, and identification purposes.
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3.6.3 Application to Ancient Instruments

The application of CT scanning to ancient instruments, such as the aulos from Selinunte, allows
for detailed internal examinations without damaging the fragile artifacts. This technology enables
researchers to capture the intricate internal geometries and construction techniques used in these
ancient instruments. By combining CT scans with 3D modeling, it becomes possible to create highly
accurate virtual reconstructions of these instruments.

3.6.4 Virtual Reconstruction and Acoustic Simulation

The virtual reconstruction process involves several stages:

1. Data Acquisition: High-resolution CT scans capture the internal and external features of
the aulos fragments.

2. 3D Modeling: The scan data is processed to generate detailed 3D models, accurately rep-
resenting the instrument’s morphology.

3. Acoustic Modeling: The 3D models are used to simulate the acoustic properties of the
instrument, employing techniques such as finite element analysis (FEA) and computational
fluid dynamics (CFD) to understand sound production mechanisms.

This interdisciplinary approach not only reconstructs the physical appearance of the instruments
but also provides insights into their acoustic characteristics, offering a comprehensive understanding
of their historical context and use.

3.6.5 Broader Implications

The integration of CT scanning and 3D modeling in the study of ancient musical instruments
exemplifies the broader trend of applying cutting-edge technology in heritage science. These ad-
vancements facilitate a deeper understanding of historical artifacts, enabling their preservation and
study without the risk of damage. Furthermore, the virtual reconstructions can be utilized in mu-
seum exhibits, educational programs, and research projects, allowing a wider audience to experience
and appreciate the acoustic heritage of ancient civilizations.

By leveraging these technologies, researchers can uncover new dimensions of ancient musical prac-
tices, contributing significantly to the fields of archaeology and musicology. This interdisciplinary
methodology not only enhances our understanding of ancient instruments but also ensures that
their cultural and historical significance is preserved for future generations[35].

3.7 Bridging Past and Present Through Ancient Musical Instru-
ment Studies

These pioneering works demonstrate that the study of ancient musical instruments is not merely an
academic pursuit but a journey of discovery, bridging the gap between past and present, tradition
and innovation. Through meticulous research and interdisciplinary collaboration, these studies
invite us to embark on a sonic voyage through the corridors of history, where the echoes of ancient
melodies resonate with timeless significance.
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3.8 Analysis of Virtual Wind Instruments

Continuing the discussion, the analysis of virtual wind instruments, specifically focusing on the
reconstruction of trumpet sound quality, emphasizes treating the bores of these instruments as
linear, invariant systems characterized by their impulse responses.

3.8.1 Methodology: Excitation Signal Generation and Convolution Technique

In the methodology section, the process of generating excitation signals for the convolution technique
is elucidated. The "dry" excitation signal is derived through convolution with a tailored inverse
filter formulated from the impulse response measured between the mouthpiece and the recording
point. Various methods, including Maximum Length Sequence (MLS) signals, sine sweep signals,
and cross-correlation techniques, are explored for acquiring impulse responses. The essay delves into
the inversion of mixed-phase impulse responses, discussing techniques such as minimum/maximum
phase decomposition and least squares approximation. Moreover, the application of frequency
domain processing for convolution is examined to facilitate efficient algorithmic implementation.

3.8.2 Validation and Experiments

In the validation and experiments section, blind subjective listening tests are employed to validate
the convolution technique. Different trumpets and a silver flute undergo meticulous analysis and sta-
tistical comparison, affirming the resemblance between direct acoustic recordings and convolution-
based results. Additionally, precise techniques are employed to measure impulse responses across
varied positions within the instruments’ bores and the flaring bell. Music samples are performed and
recorded in a controlled, semi-anechoic environment using strategically positioned free-field micro-
phones. The process of creating inverse filters for deconvolution is detailed, employing time-domain
least squares inversion and band-pass filtering for optimal outcomes.

This section underscores the convolution technique’s efficacy in faithfully reproducing the distinct
sound characteristics of diverse trumpets and a silver flute. It emphasizes the versatility of virtual
instruments in facilitating subjective listening tests, restoring antique instruments, and evaluating
newly designed ones. Furthermore, it underscores the imperative of rigorous experimentation and
validation procedures to ensure the fidelity and reliability of the reconstructed sound, thereby en-
hancing the technique’s applicability and credibility in acoustic research and instrument evaluation
contexts[15].

3.9 Comparative Analysis: Sound Reproduction in Different Do-
mains

So far in the realm of sound reproduction but within different domains. While some essays focus on
the recreation of trumpet sounds in virtual wind instruments, others explore the synthesis of human
speech. Despite the variation in subject matter, both share similarities in their methodologies and
objectives.

3.9.1 Methodological Approaches

In terms of methodology, it is noticeable that they heavily rely on sophisticated signal process-
ing techniques to achieve their respective goals. The essay on virtual wind instruments discusses
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methods such as impulse response measurement, inversion of impulse responses, and frequency do-
main processing. Similarly, the speech synthesis essay likely involves techniques such as waveform
generation, speech analysis, and synthesis algorithms.

3.9.2 Validation through Subjective Listening Tests

Moreover, both studies emphasize the significance of validation through subjective listening tests.
This involves participants evaluating the synthesized or reconstructed sounds against real-world
examples or natural speech. Statistical analysis is often employed to quantify the similarity between
the synthesized and natural sounds, adding a layer of rigor to the experimentation process.

3.9.3 Thorough Experimentation and Validation

Furthermore, it can be seen that the essays underscore the importance of thorough experimentation
and validation to ensure the accuracy and fidelity of the synthesized or reconstructed sounds. This
includes measuring impulse responses, recording real-world samples, creating inverse filters, and
conducting controlled experiments in carefully controlled environments.

3.9.4 Exploration of Potential Applications

Exploration of potential applications of their techniques beyond the scope of the study. For instance,
the essay on virtual wind instruments discusses applications in subjective listening tests, restoration
of ancient instruments, and evaluation of newly designed instruments. Similarly, the speech synthesis
essay likely discusses applications in areas such as assistive technology, human-computer interaction,
and entertainment.

In essence, while the specific contexts and methodologies may differ, both essays share common
themes related to sound reproduction, signal processing, validation, and potential applications.

3.10 Immersive Auditory Experiences in Virtual Reality

In the realm of virtual reality (VR), the creation of immersive auditory experiences is a complex
task that requires integrating various sensory inputs, including sound, to enhance the user’s sense of
presence. Recent advancements in VR technology emphasize the importance of multimodal inter-
faces, which combine visual, auditory, and haptic feedback to provide a holistic sensory experience.
This comprehensive approach ensures that the auditory component of VR is not merely an effect
but a crucial element that contributes to the realism of the virtual environment.

3.10.1 Rendering Realistic Auditory Stimuli

One of the primary challenges in VR sound simulation is the rendering of realistic auditory stimuli.
This involves simulating sound propagation, room acoustics, and spatial effects accurately. The goal
is to achieve perceptually accurate sound reproduction, which focuses on how sounds are experienced
by the listener, rather than adhering strictly to physical correctness. This approach leverages the
intricacies of the human auditory system to prioritize subjective listener experiences, making the
virtual environment more convincing and immersive.
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3.10.2 Spatial Sound Systems and Binaural Technology

Spatial sound systems and binaural technology play a pivotal role in creating these immersive
auditory experiences. Techniques such as surround sound setups and binaural mixing consoles
are employed to synthesize spatial cues, enhancing the sense of presence and immersion. These
methodologies enable the accurate placement of sound sources within the virtual space, providing
a realistic auditory scene that complements the visual elements.

3.10.3 Real-Time Processing Capabilities

Real-time processing capabilities are essential for dynamic and interactive VR experiences. Rapid
processing and robust validation methodologies are necessary to ensure the fidelity and reliability
of synthesized sounds in real-world applications. This includes addressing practical challenges such
as latency and the computational demands of real-time sound rendering, ensuring that auditory
feedback is immediate and accurately reflects user actions and environmental changes.

3.10.4 Advanced Techniques in Room Acoustics Simulation

Advanced techniques in room acoustics simulation further contribute to the realism of VR environ-
ments. Methods such as ray tracing and image source modeling are used to simulate the acoustic
characteristics of various virtual spaces. These techniques allow for the accurate replication of how
sound behaves in different environments, from simple rooms to complex architectural structures,
enhancing the user’s auditory experience.

These advanced techniques in sound simulation are crucial for developing sophisticated auditory
experiences in VR. By focusing on perceptually accurate sound reproduction, multimodal integra-
tion, spatial sound systems, real-time processing, and advanced room acoustics simulation, VR
applications can achieve a high degree of realism and immersion. These advancements provide a
robust framework for creating compelling virtual worlds that offer users a truly immersive sensory
experience.[36]

3.11 Complexities in Simulating the Aulos

Simulating the Aulos is a complex task, primarily due to the unique challenges posed by double-
reed instruments. Unlike single-reed instruments, which have been widely studied and simulated,
double-reed instruments have intricate excitation mechanisms and fewer modern equivalents. This
complexity requires a nuanced approach to accurately model their sound production.

3.11.1 Interdisciplinary Approach

The researchers draw on archeomusicology and previous studies on wind instruments to inform
their simulation process. This interdisciplinary approach combines historical insights with modern
technological advancements, enabling a detailed reconstruction of the Aulos’s acoustic properties.
By leveraging digital signal processing and physical modeling, the study not only aims to reproduce
the Aulos’s sound but also to preserve and understand the musical heritage of ancient Greece.

3.11.2 Advanced Techniques

Through these efforts, the study contributes to a deeper understanding of ancient musical instru-
ments and demonstrates the potential of modern technology to revive historical sounds. This work
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Figure 3.1: Graphical user interface for implementing the physical modeling of Aulos showing
the model’s input parameters and the results as playable audio and its plots in the
time and frequency domain. The parameters are set according to the geometrical
features of the Aulos of Poseidonia.

exemplifies how advanced techniques can bridge the gap between past and present, offering a digital
resurrection of ancient auditory experiences (figure3.1).

3.11.3 Comprehensive Simulation Approach

Their approach involves breaking down the Aulos into its two primary components: the double reed
and the acoustic resonator with toneholes. By meticulously modeling the behavior of each part and
their interactions, they aim to replicate the Aulos’s sound faithfully. This endeavor requires a deep
understanding of the physical phenomena at play, including the nonlinear excitation mechanism of
the reed and the resonator’s role in shaping the instrument’s timbre and pitch.

Role of Toneholes

One key aspect of their simulation is the consideration of toneholes, which play a crucial role in
modifying the air column’s length and thus influencing the instrument’s pitch. Through careful
analysis and modeling, the researchers ensure that their simulation captures the effects of open and
closed toneholes on the Aulos’s sound production.
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3.11.4 Validation Process

To validate their simulation, the researchers compare the synthesized signal from their model with
recordings from a replica of the Aulos of Poseidonia, a classical Greek instrument dating back to
the 5th century BCE. This comparison serves as a critical test of the accuracy and fidelity of their
simulation, with the results demonstrating remarkably close alignment between the synthesized and
recorded signals.

3.11.5 Contributions to Archeomusicology

Polychronopoulos et al.’s study represents a remarkable fusion of ancient history, musicology, and
cutting-edge digital technology. By leveraging advanced modeling techniques, they breathe new life
into an ancient musical tradition, offering insights into the sonic world of the Aulos and paving the
way for future research in archeomusicology and instrument simulation.

3.11.6 Physical Modeling Approach

The physical modeling approach for the ancient Greek wind instrument Aulos encompasses several
interconnected components, each crucial for accurately simulating its sound production.

At the core of the model lies the intricate double-reed excitation mechanism. Oscillating air par-
ticles within the instrument’s resonator are initiated by the movement of the double-reed’s blades,
responding to fluctuations in pressure. The pressure disparity between the mouth and inside the
reed significantly influences the reed’s opening area, a pivotal factor in sound generation.

Modeling the double-reed involves navigating the complexities of its behavior under quasi-static
conditions. Here, the relationship between the pressure drop across the reed and the resulting
volume flow is established, taking into account the reed’s stiffness coefficient. While the simulation
simplifies the mouth pressure to a constant value for practicality, it still effectively captures the
essence of normal playing conditions.3.2

3.11.7 Physical Modeling of the Aulos

The resonator, paramount in defining the Aulos’s sonic characteristics, is represented as a one-
dimensional digital waveguide employing delay lines to emulate wave propagation. By simulating the
traversal of pressure waves along the tube, standing waves manifest within the resonator, emulating
the behavior akin to that of a closed-open pipe and engendering distinct odd harmonics.

Strategically positioned along the instrument’s corpus, toneholes afford adjustments to the effec-
tive length of the air column, thereby exerting control over the instrument’s pitch. Whether in
an open or closed configuration, toneholes are meticulously modeled employing a lumped circuit
approach, wherein series and shunt impedances are meticulously considered to faithfully replicate
their influence on sound production.

Implemented within MATLAB 2020b, the physical modeling computations are facilitated through
an intuitive Graphical User Interface (GUI). This interface empowers users to configure parameters
and visualize outcomes, thereby furnishing invaluable insights into the intricacies of behavior and
sound generation inherent in the ancient Greek wind instrument, the Aulos.
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Figure 3.2: Signal comparison of aulos: The recorded signal of the replica (a) vs. the generated
signal by the digitally implementation of the physical modeling of Aulos using
MATLAB 2020b (b), along with their plots in the time (a1, b1) and frequency
(a2, b2) domain.

3.11.8 Validation Methodology

Validation of the physical modeling paradigm entailed the coding of the model within MATLAB
2020b, followed by a comparative analysis of its audio output signals against recorded signals derived
from a replica instrument of the Aulos of Poseidonia. Given the Aulos’s resemblance to a closed-
open pipe, emphasis was placed on the examination of fundamental frequencies and their associated
odd harmonics in the frequency domain. Occurrences of even harmonics within recorded signals,
attributed to factors such as moisture on the reed or deviations in the resonator’s cylindrical shape,
were discounted in the model due to simplification.

Recordings of the Aulos replica, performed by musician Georgios Barbarekos, captured seven dis-
tinct fingerings aimed at reproducing a scale. Positioned approximately 1 meter away from the
instrument, off-axis from the bell, microphones recorded at piano level, capturing signals emanat-
ing from one open tonehole for both the recording and the physical model. These signals were
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subsequently analyzed in both the time and frequency domains through Fourier transformation of
1-second recorded excerpts.

3.11.9 Comparative Analysis

Comparison of time domain characteristics revealed concordant temporal envelopes between recorded
and simulated signals, with both attaining steady-state oscillation after approximately 100 millisec-
onds, delineated by a yellow dashed line. This congruence corroborates the fidelity of our double-reed
implementation and underscores the sustained excitation force sustaining prolonged resonance.

In the frequency domain, scrutiny focused on the fundamental frequency and the first three har-
monics, disclosing marginal deviations in cents between recorded and simulated signals, well below
the Just Noticeable Difference threshold. Notably, inharmonicity, delineating timbral qualities, ex-
hibited analogous deviations in both signals, albeit with minor discrepancies observed across select
fingerings[37].

Consideration was given to reflections from the instrument’s bell, which exerted discernible effects
on high-frequency components within the recorded signal compared to the model’s output.

The digital rendition of the Aulos exhibited commendable agreement with recorded signals, par-
ticularly evident in the frequency domain. Prospects for further refinement abound, including the
incorporation of an Attack, Decay, Sustain, Release (ADSR) envelope to enhance simulation verac-
ity. Detailed elucidation of physical phenomena could serve as a catalyst for future investigations
aimed at refining the model and exploring its applications in acoustic metamaterials and virtual
reconstructions of ancient auditory environments[38].

3.11.10 Synthesis of Wind Instrument Sounds

Within the domain of wind instruments, discourse ensues regarding the synthesis of musical instru-
ment sounds, delineating the juxtaposition between physics-based modeling and machine learning
methodologies. Conventionally, signal-processing techniques such as frequency-modulated synthe-
sis or wavetable synthesis have been prevalent, with recent strides witnessing the integration of
physics-based modeling and machine learning, albeit constrained by their computational demands.

Physics-based modeling delves into the intricacies inherent in sound production, furnishing elu-
cidation into the fundamental mechanisms governing musical instruments. Conversely, machine
learning endeavors to emulate realistic sounds solely from recordings, harnessing extensive datasets
to iteratively refine predictive models.

The synthesis of musical instrument sounds garners particular intrigue within the expansive domain
of musical acoustics, which scrutinizes both the genesis and cognition of sound. Esteemed lumi-
naries across epochs, ranging from Pythagoras[39] to Chandrashekhara Venkata Raman[40], have
contributed seminal insights into music and musical instruments, laying the conceptual foundation
for contemporary sound synthesis methodologies.

The digital emulation of musical instruments proffers a myriad of advantages, encompassing porta-
bility, adaptability, and reproducibility. Furthermore, physics-based modeling augments compre-
hension of sound generation processes, while machine learning paradigms facilitate the creation of
increasingly verisimilar renditions, thereby bridging the chasm between theoretical underpinnings
and practical implementation.

36



CHAPTER 3. WIND INSTRUMENTS 3.11. SIMULATING THE AULOS

3.11.11 Advancements in Sound Synthesis

The evolution of acoustic sound synthesis continues to progress, with machine learning, particularly
deep learning methodologies, emerging as formidable tools across various research domains. Deep
neural networks, renowned for their adeptness in intricate pattern recognition tasks, are reshaping
disciplines such as astrophysics, genetics, and acoustics, heralding innovative pathways for audio
synthesis and beyond.

In essence, whether through the prism of physics-based modeling or machine learning paradigms, the
synthesis of musical instrument sounds epitomizes a fusion of scientific inquiry and artistic ingenuity,
pushing the frontiers of sonic production. As researchers delve further into these methodologies, the
synthesis of musical instrument sounds promises to enthrall both scientific and artistic communities
alike.

Physics-based modeling furnishes a nuanced comprehension of sound generation in musical instru-
ments, tracing its lineage to seminal endeavors like Kelly and Lochbaum’s seminal work on speech
synthesis in the 1960s[41]. Pioneering methodologies, encompassing finite-difference models and
wave digital filters, laid the foundation for contemporary simulations of musical instrument acous-
tics.

In contradistinction to signal-processing paradigms, which aspire to replicate sound spectra without
adhering to physical laws, physics-based modeling endeavors to faithfully simulate the intrinsic
mechanisms of sound generation. By elucidating the differential equations delineating instrument
oscillations, these models encapsulate both static and dynamic conditions, encompassing transient
and nonlinear phenomena.

3.11.12 Modeling Player-Instrument Interaction in Woodwind Instruments

One significant challenge lies in accurately representing the interaction between player and instru-
ment, particularly in woodwind instruments where diverse articulation techniques influence sound
production. Current simulations often rely on idealized conditions, neglecting the nuanced control
exerted by the player. However, recent advancements have incorporated additional terms in the
modeling equations to account for player-specific interactions, such as tongue-reed interaction and
collision forces between reed and mouthpiece[42].

For instance, in single-reed woodwind instruments like clarinets and saxophones, the force acting on
the oscillating reed can be decomposed into contributions from the player’s tongue, collision forces,
and pressure differentials across the reed. By integrating these interactions into the simulation
framework, researchers aim to capture the rich dynamics of expressive woodwind performance more
accurately.

In summary, physics-based modeling represents a powerful tool for unraveling the complexities of
sound production in musical instruments, offering insights into both fundamental physics principles
and the intricate interplay between performer and instrument. As computational techniques con-
tinue to advance, so too will the ability to simulate and understand the nuances of musical acoustics.

3.11.13 Validation of Player-Instrument Interaction Model

To validate the player-instrument interaction model, comparisons between numerically synthesized
signals and measurements have been conducted using both artificial blowing machines and exper-
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Figure 3.3: Artificial blowing machine for single-reed woodwind instruments. B: sketch of the
blowing machine (view from above). C: examples of measured and synthesized
mouthpiece pressure for staccato (an individual note separated from its neigh-
boring notes by silence) and portato (the notes are generally sustained, using
tonguing to achieve some separation) articulation.

iments with human players. The blowing machine establishes controlled conditions for laboratory
measurements, allowing for repeatable assessments. By comparing the mouthpiece pressure obtained
from the blowing machine with that calculated using the physical model under different articula-
tion conditions, researchers have demonstrated the accuracy of the model in capturing significant
physical phenomena during note transitions.

Similarly, comparisons between human players and physics-based modeling have been conducted.
Pressure transducers placed inside the instrument and the player’s mouth, along with a strain
gauge monitoring reed displacement, enable measurements during performances. The model has
successfully reproduced excerpts performed by professional musicians, showcasing its qualitative
fidelity to real-world performances.

During these inverse-modeling applications, the physical nature of the involved model parame-
ters facilitates intuitive access for control and interpretation. Analysis of instrument function and
player control can be conducted by studying how these parameters vary during performances. Such
physics-based analysis necessitates accurate models and suitable experimental setups to determine
parameters influencing sound generation mechanisms.

While deep neural networks have also been employed for parameter estimation and sound resyn-
thesis, their application has been primarily limited to isolated notes, yielding signals qualitatively
similar to recorded ones. However, neural audio synthesis (NAS) approaches offer an alternative to
physics-based modeling, aiming to minimize differences between recorded audio sounds and those
synthesized by deep neural networks.[43]

NAS architectures, such as autoencoders or Generative Adversarial Networks (GANs), minimize
differences through optimization procedures applied to metrics or loss functions, eliminating the
need for explicit physics-based models. Autoencoders, for example, consist of encoder-decoder pairs
trained to reproduce input, learning compressed parameterizations termed "latent space representa-
tions." These representations allow for the synthesis of new audio forms by altering encoded features
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and decoding them.

Noteworthy autoencoder models, like NSynth developed by the Google Magenta group, have demon-
strated significant improvements in reproducing tone quality, attack transients, timbre, and dynam-
ics. The NSynth dataset, comprising a vast array of musical instrument sounds, has provided
valuable resources for training other models and baseline comparisons in the field.[44]

Variational autoencoders (VAEs) further enhance autoencoder paradigms by modeling probability
distributions of output audio features based on learned distributions in latent space. Although
more challenging to train, VAEs offer enhanced capabilities for generating novel output audio with
diverse instrument sounds.

Figure 3.4: Schematic of an autoencoder method in which the output spectrogram of a neural
network approximates its input spectrogram. Here we show fully connected neural
network layers operating on spectrograms, whereas other autoencoders make use
of more complex network architectures (e.g., recurrent or convolutional neural
network layers) and operate directly on raw audio.

3.11.14 Generative Adversarial Network (GAN) Approaches in Audio Synthe-
sis

Generative Adversarial Network (GAN) approaches have emerged as powerful paradigms for the
generation of synthetic data. A GAN consists of two competing deep neural networks: the gen-
erator, which synthesizes new data, and the discriminator, which determines whether input data
is generated by the generator or from prerecorded data. This process, likened to counterfeiting,
involves training the generator based on feedback from the discriminator to produce outputs that
closely resemble prerecorded audio over time.

Initially applied to image synthesis, GANs ventured into speech audio synthesis before making
notable strides in musical instrument synthesis with the introduction of WaveGAN. WaveGAN
utilized one-dimensional convolutions applied to raw audio samples, while SpecGAN operated on
spectrogram images. These models, trained on datasets including piano and drums, demonstrated
promising results. WaveGAN, for instance, was showcased in an interactive drum machine web
demo, allowing for the synthesis of novel drum samples in real time.

Building on the successes of WaveGAN and NSynth, new models like GANSynth and TiFGAN have
emerged as state-of-the-art approaches for neural audio synthesis. These models leverage insights
such as increasing the number of frequency bins in Short-Time Fourier Transform (STFT) outputs
and utilizing instantaneous frequency in neural networks. GANSynth, in particular, generates entire
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Figure 3.5: Overview of a generative adversarial network (GAN), a sort of “imitation game”
played between two neural networks: a binary classifier called the discriminator
seeks to improve at correctly “guessing” whether its input came from the dataset
of instrument recordings or is a “forgery” synthesized by the generator. The gener-
ator uses information from the optimization procedure of the discriminator (e.g.,
the negative of the gradients) to synthesize increasingly “convincing” instrument
sounds.

audio clips at once, offering faster training and sample generation compared to its autoregressive
predecessors.

Despite significant improvements in tone quality, NAS methods typically generate audio using lower
sample rates than CD-quality sound. While physics-based modeling can generate tones at arbitrary
sample rates, NAS methods excel in generating diverse and convincing instrument sounds efficiently.

In conclusion, both physics-based modeling and NAS approaches offer viable pathways for syn-
thesizing realistic musical instrument sounds. The choice between the two methods depends on
developers’ experience and preferences. Direct comparisons between neural-generated and physi-
cally modeled sounds remain an area of interest for future research. Additionally, the possibility
of using physically modeled sounds to train neural network systems presents an intriguing avenue
for further exploration, highlighting the complementary nature of physics-based modeling and NAS
approaches in advancing the field of musical acoustics[45].
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3.12 3D Virtual Reconstruction of Ancient Musical Instruments

The process of 3D virtual reconstruction of ancient musical instruments is a comprehensive method-
ology that integrates various advanced technologies and multidisciplinary approaches to accurately
simulate historical artifacts. This section details the technical steps involved in this process, em-
phasizing the precision and rigor required to achieve realistic sound simulations.

3.12.1 Data Acquisition

The initial phase of the reconstruction process involves meticulous data acquisition from archae-
ological finds. This includes obtaining high-resolution scans or photographs of the artifacts from
multiple angles to capture the precise shape, dimensions, and surface textures. Techniques such
as computed tomography (CT) scans, laser scanning, and photogrammetry are often employed to
generate detailed digital representations of the instruments. These methods ensure that even the
smallest details and imperfections are recorded, which are crucial for accurate modeling.

3.12.2 3D Modeling

Following data acquisition, the gathered information is imported into specialized 3D modeling soft-
ware. Using tools such as Blender, Autodesk Maya, or Rhino, a detailed 3D model of the musical
instrument is constructed. This model aims to faithfully replicate the physical characteristics of
the original artifact, including its geometric structure, material composition, and any distinctive
features. Advanced modeling techniques, such as mesh generation and surface reconstruction, are
utilized to enhance the accuracy of the digital model.

3.12.3 Simulation of Sound Production

Once the 3D model is completed, the focus shifts to simulating the sound production mechanisms
of the instrument. This involves the application of sophisticated simulation algorithms that pre-
dict the acoustic output of the instrument when played. Techniques such as the Finite Element
Method (FEM) and Boundary Element Method (BEM) are commonly used to model the vibration
and acoustic properties of the instrument’s components. Physically informed modeling approaches
are employed to simulate how the materials and structure of the instrument interact to produce
sound. These simulations account for factors such as material elasticity, damping, and the resonant
frequencies of the instrument.

3.12.4 Evaluation and Testing

The simulated sounds generated by the virtual instrument are then evaluated for their acoustic
fidelity. This involves comparing the output against known acoustic principles and historical records
or descriptions, if available. Acoustic analysis tools and auralization techniques are used to assess
the accuracy of the sound simulations. Researchers may also employ psychoacoustic testing, where
listeners compare the virtual sounds to recordings of similar instruments, to validate the realism of
the simulations.

3.12.5 Refinement and Optimization

The final step in the reconstruction process involves iterative refinement and optimization of both
the 3D model and the sound simulation parameters. Based on the evaluation feedback, adjustments
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are made to enhance the accuracy and realism of the virtual reconstruction. This may include fine-
tuning the material properties in the simulation algorithms, modifying the geometric details of the
3D model, and optimizing the computational parameters for more efficient processing. Additionally,
if the goal includes physical reproduction, the optimized 3D model can be used for 3D printing to
create a tangible replica of the instrument.

The process of 3D virtual reconstruction of ancient musical instruments is a multifaceted and highly
technical endeavor that leverages advanced technologies in data acquisition, 3D modeling, and
acoustic simulation. By meticulously recreating the physical and acoustic properties of historical
artifacts, this approach provides valuable insights into the musical heritage of ancient cultures and
enables the preservation and study of their sonic legacy.

3.13 Challenges and Future Directions

Despite the significant advantages that 3D virtual reconstruction offers over traditional methods,
several challenges persist that require further attention and research:

3.13.1 Algorithm Development

One of the primary challenges in the 3D virtual reconstruction of ancient musical instruments is
the development of algorithms capable of accurately simulating the sounds of these often obscure
and poorly documented artifacts. Existing simulation techniques must be adapted and enhanced
to accommodate the unique acoustical properties and playing mechanisms of ancient instruments.
This involves refining physical modeling algorithms to better capture the interaction between various
components of the instruments and their materials.

3.13.2 Material Considerations

The materials and textures of ancient instruments play a crucial role in sound production. When
reconstructing these instruments, especially through 3D printing, it is essential to consider how
different materials influence acoustic properties. Research into material science is necessary to
understand the impact of various 3D printing materials on the fidelity of sound reproduction. This
includes studying the density, elasticity, and damping characteristics of printable materials and how
they compare to the original materials used in ancient instruments.

3.13.3 Automatic Reconstruction

Automating the reconstruction process is a key area of ongoing research that can significantly
streamline the workflow and enhance efficiency. Developing automated or semi-automated methods
for reconstructing musical instruments from archaeological data involves creating sophisticated soft-
ware tools capable of interpreting scanned data, identifying structural components, and generating
accurate 3D models. This automation can reduce human error and speed up the reconstruction
process, allowing researchers to focus more on analysis and interpretation.

3.13.4 Future Directions

• Advancements in Algorithm Development: Future research should focus on refining and
developing new algorithms specifically designed for the acoustic simulation of ancient musi-
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cal instruments. This includes incorporating more complex physical models and improving
computational efficiency to handle the intricate details of sound production mechanisms.

• Material Innovation: Continued exploration into new materials suitable for 3D printing
will enhance the accuracy of reconstructed instruments. Investigating composite materials
and advanced polymers that better mimic the acoustic properties of original materials used
in ancient instruments will be critical.

• Enhanced Automation: Developing more sophisticated automated reconstruction systems
that leverage artificial intelligence and machine learning to interpret archaeological data and
generate precise 3D models will streamline the reconstruction process. These systems could
also assist in identifying missing parts and suggesting plausible reconstructions based on ex-
isting artifacts.

• Interdisciplinary Collaboration: Fostering collaboration between archaeologists, musicol-
ogists, material scientists, and digital heritage specialists will drive innovation in the field.
Interdisciplinary projects can provide comprehensive insights and novel solutions to the chal-
lenges faced in virtual reconstruction and sound simulation.

The integration of 3D virtual reconstruction with sound simulation presents a powerful methodol-
ogy for studying and preserving ancient musical instruments. As research progresses in algorithm
development, material science, and reconstruction techniques, our ability to uncover the acoustic
secrets of the past will continue to grow. These advancements will not only enhance our under-
standing of ancient music cultures but also enrich our knowledge of human history by bridging the
gap between archaeological artifacts and musical experiences. Through virtual exploration and ex-
perimentation, researchers can offer valuable insights into the music of the past, making it accessible
and appreciable to contemporary audiences.

The exploration of 3D virtual reconstruction and sound simulation of ancient musical instruments
holds exciting potential for advancing our understanding of historical music cultures. By digitally
reconstructing and simulating the sounds of ancient instruments, researchers can bridge the gap
between archaeological artifacts and musical experiences, providing a deeper appreciation of the
music of antiquity.

3.14 Challenges and Future Directions

Despite the significant advantages that 3D virtual reconstruction offers over traditional methods,
several challenges persist that require further attention and research:

3.14.1 Algorithm Development

One of the primary challenges in the 3D virtual reconstruction of ancient musical instruments is
the development of algorithms capable of accurately simulating the sounds of these often obscure
and poorly documented artifacts. Existing simulation techniques must be adapted and enhanced
to accommodate the unique acoustical properties and playing mechanisms of ancient instruments.
This involves refining physical modeling algorithms to better capture the interaction between various
components of the instruments and their materials.
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3.14.2 Material Considerations

The materials and textures of ancient instruments play a crucial role in sound production. When
reconstructing these instruments, especially through 3D printing, it is essential to consider how
different materials influence acoustic properties. Research into material science is necessary to
understand the impact of various 3D printing materials on the fidelity of sound reproduction. This
includes studying the density, elasticity, and damping characteristics of printable materials and how
they compare to the original materials used in ancient instruments.

3.14.3 Automatic Reconstruction

Automating the reconstruction process is a key area of ongoing research that can significantly
streamline the workflow and enhance efficiency. Developing automated or semi-automated methods
for reconstructing musical instruments from archaeological data involves creating sophisticated soft-
ware tools capable of interpreting scanned data, identifying structural components, and generating
accurate 3D models. This automation can reduce human error and speed up the reconstruction
process, allowing researchers to focus more on analysis and interpretation.

3.14.4 Future Directions

• Advancements in Algorithm Development: Future research should focus on refining and
developing new algorithms specifically designed for the acoustic simulation of ancient musi-
cal instruments. This includes incorporating more complex physical models and improving
computational efficiency to handle the intricate details of sound production mechanisms.

• Material Innovation: Continued exploration into new materials suitable for 3D printing
will enhance the accuracy of reconstructed instruments. Investigating composite materials
and advanced polymers that better mimic the acoustic properties of original materials used
in ancient instruments will be critical.

• Enhanced Automation: Developing more sophisticated automated reconstruction systems
that leverage artificial intelligence and machine learning to interpret archaeological data and
generate precise 3D models will streamline the reconstruction process. These systems could
also assist in identifying missing parts and suggesting plausible reconstructions based on ex-
isting artifacts.

• Interdisciplinary Collaboration: Fostering collaboration between archaeologists, musicol-
ogists, material scientists, and digital heritage specialists will drive innovation in the field.
Interdisciplinary projects can provide comprehensive insights and novel solutions to the chal-
lenges faced in virtual reconstruction and sound simulation.

• Accessibility and Outreach: Increasing accessibility to virtual reconstructions and sim-
ulations of ancient musical instruments through online platforms and educational resources.
This includes developing interactive websites, virtual exhibits, and educational materials to
engage a broader audience and promote interest in ancient music cultures.

• Validation and Verification: Conducting empirical studies and comparative analyses to
validate the accuracy and realism of virtual reconstructions and sound simulations. This
involves collaborating with musicians and scholars to evaluate the authenticity of simulated
sounds and musical performances.
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The integration of 3D virtual reconstruction with sound simulation presents a powerful methodol-
ogy for studying and preserving ancient musical instruments. As research progresses in algorithm
development, material science, and reconstruction techniques, our ability to uncover the acoustic
secrets of the past will continue to grow. These advancements will not only enhance our under-
standing of ancient music cultures but also enrich our knowledge of human history by bridging the
gap between archaeological artifacts and musical experiences. Through virtual exploration and ex-
perimentation, researchers can offer valuable insights into the music of the past, making it accessible
and appreciable to contemporary audiences.

The exploration of 3D virtual reconstruction and sound simulation of ancient musical instruments
holds exciting potential for advancing our understanding of historical music cultures. By digitally
reconstructing and simulating the sounds of ancient instruments, researchers can bridge the gap
between archaeological artifacts and musical experiences, providing a deeper appreciation of the
music of antiquity.

3.15 Methodology for 3D Virtual Reconstruction and Sound Sim-
ulation of Ancient Musical Instruments

The methodology for the 3D virtual reconstruction and sound simulation of ancient musical instru-
ments is a systematic approach that integrates data collection, virtual restoration, sound simulation,
physical reconstruction, and accessibility. This multi-step process aims to digitally recreate and un-
derstand ancient artifacts with precision and fidelity. The methodology is outlined as follows:

3.15.1 Data Collection

The initial step involves gathering comprehensive information from various sources, including pho-
tographs, textual descriptions, technical drawings, and archaeological finds. Advanced imaging
techniques such as structured light scanning and computed tomography (CT) are employed to ob-
tain detailed measurements and 3D models of the artifacts. These technologies enable the capture
of intricate surface details and internal structures, which are crucial for accurate virtual reconstruc-
tions.

3.15.2 Virtual Restoration

Digital processing techniques are used to restore the instrument virtually, addressing different hy-
potheses about its geometry, materials, and missing parts. This iterative process allows for the
creation of multiple versions of the instrument to meet diverse research objectives. Techniques such
as mesh repair, texture mapping, and material simulation are applied to reconstruct the artifact’s
original appearance and functionality.

3.15.3 Sound Simulation

Once the 3D model is created, sound simulation algorithms are employed to generate simulations of
the sounds that could be produced by the reconstructed instrument. These simulations utilize the
geometrical and functional properties of the instrument to model its acoustic behavior. Techniques
such as finite element analysis (FEA) and physical modeling synthesis are used to simulate the
vibration of the instrument’s components and the resulting sound production process. The simu-
lated sounds are evaluated against known acoustic principles and historical records to validate the
assumptions and refine the model.
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3.15.4 Physical Reconstruction

Using the virtual model as a guide, physical copies of the instrument can be constructed. Craftsmen
may use traditional methods, or additive manufacturing technologies, such as 3D printing, can
directly produce physical replicas. These physical copies are essential for empirical validation and
for refining the parameters of the sound simulation algorithms. By comparing the sounds produced
by the physical replicas with the simulated sounds, researchers can further optimize the virtual
models.

3.15.5 Accessibility and Outreach

The data and knowledge generated from the reconstruction process are leveraged to design interac-
tive digital experiences for scholars and the general public. Online platforms, museum installations,
and educational materials are developed to provide immersive and engaging experiences. These dig-
ital tools enable users to explore the reconstructed instruments, understand their historical context,
and appreciate their acoustic properties.

3.15.6 Case Studies

3.15.7 Case Studies: Detailed Methodologies in 3D Virtual Reconstruction and
Sound Simulation

The practical application of the outlined methodology is illustrated through several case studies,
including the reconstruction of Padova’s Pan flute and Voghenza’s Roman brass instrument. These
case studies highlight the integration of advanced scanning technologies, sophisticated numerical
analysis, and digital restoration techniques.

Padova’s Pan Flute

In the reconstruction of Padova’s Pan flute, the well-preserved instrument was subjected to high-
resolution computed tomography (CT) scanning. This non-invasive technique enabled the acquisi-
tion of precise volumetric data, capturing intricate details of the instrument’s internal and external
structures. The CT scans provided high-fidelity measurements necessary for accurately estimating
the fundamental frequencies of the flute’s pipes.

Using the CT data, researchers employed finite element analysis (FEA) to simulate the acoustic
behavior of the Pan flute. This involved creating a detailed mesh model of the instrument and ap-
plying boundary conditions that mimic real-world playing scenarios. The resulting simulations were
used to develop an interactive digital instrument. This virtual model was incorporated into an inter-
active museum installation, allowing visitors to engage with the Pan flute’s digital reconstruction.
Users could manipulate performance parameters, such as breath pressure and finger placement, to
produce sounds, thereby providing an immersive and educational experience.

Voghenza’s Roman Brass Instrument

The reconstruction of the Roman brass instrument from Voghenza presented a unique challenge due
to its fragmentation into eight significantly damaged pieces. Researchers utilized structured light
scanning technology, which projected a series of light patterns onto each fragment. The deformations
of these patterns were recorded and processed to generate highly accurate 3D models of each piece,
capturing both the dimensions and surface features with exceptional precision.
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The initial phase of digital restoration involved using mesh repair algorithms to address minor
holes and deformations in the scanned fragments. This meticulous process aimed to reconstruct
the integrity of each piece, ensuring a reliable foundation for further analysis. Following this,
researchers faced the challenge of virtually reconstructing the complete geometry of the instrument.
An innovative algorithm was developed to estimate the original shape by digitally reconnecting the
fragmented parts. This algorithm leveraged geometric matching techniques and spatial analysis to
achieve an accurate virtual reconstruction.

Subsequently, advanced sound simulation techniques were applied. Using physical modeling syn-
thesis, the reconstructed geometry was analyzed to simulate the instrument’s acoustic properties.
The simulations provided insights into the potential sound production mechanisms and the musical
capabilities of the instrument within the context of ancient Roman culture.

By implementing this comprehensive methodology, researchers can leverage digital technologies to
delve into the cultural heritage of ancient musical instruments. This interdisciplinary approach,
which combines archaeology, digital heritage, computational analysis, and acoustic science, enriches
our understanding of human creativity and expression throughout history. It effectively bridges the
gap between archaeological artifacts and contemporary audiences, offering immersive and educa-
tional experiences.

Furthermore, the use of sophisticated numerical techniques in these case studies demonstrates the
potential of digital restoration to not only reconstruct physical forms but also to revive the acoustic
essence of historical artifacts. The iterative process of virtual reconstruction, sound simulation,
and empirical validation underscores the importance of precision and innovation in preserving and
understanding the musical heritage of ancient civilizations.

Figure 3.6: A view of the rendered 3D model of the Pan flute of Padova.[46]
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3.15.8 Culmination and Sound Simulation of Ancient Instruments

The culmination of the reconstruction efforts led to the estimation of the complete geometry of the
ancient brass instrument from Voghenza, represented in a detailed digital 3D model. This digital
reconstruction provided crucial insights into the original structure and form of the instrument.
Understanding its geometry enabled researchers to simulate the sounds the instrument would have
produced. Although the instrument lacked conventional features like holes or valves, the presence
of a mouthpiece classified it within the brass family.

By applying principles of acoustics and brass instrument design, researchers estimated the nat-
ural resonance frequencies of the reconstructed instrument. These estimations provided valuable
information about the potential tonal range and musical capabilities of the ancient artifact. Fur-
thermore, physically-informed algorithms based on waveguide models were employed to generate
sound samples, simulating the acoustic properties and auditory experience of the instrument in
antiquity.[47]

Case Study: Milan’s Studio di Fonologia Musicale and the DREAM Project

In a separate case study, the focus shifts to Milan’s Studio di Fonologia Musicale, renowned for its
contributions to electronic music innovation during the mid-20th century. This studio was home
to a collection of pioneering electronic instruments, many of which have been lost over time. To
preserve the legacy of these groundbreaking devices, the DREAM project was initiated.

The DREAM project assembled a multidisciplinary team to preserve the electronic instruments
through meticulous digital simulations and physical replications. The team conducted thorough
analyses of technical drawings and archival materials to reconstruct the internal analog components
of the original devices. These components were digitally simulated to replicate the sound generation
processes of the original instruments.

The digital simulation involved detailed modeling of the electronic circuits and components that
constituted the sound-producing mechanisms. By accurately replicating the signal flow and interac-
tions within these circuits, the project aimed to reproduce the distinctive sounds and functionalities
of the original instruments. This process required a deep understanding of both historical electronic
music equipment and contemporary digital modeling techniques.[48]

The integration of digital technologies in the reconstruction of ancient musical instruments provides
a powerful means of preserving and understanding cultural heritage. Through detailed 3D modeling
and sophisticated sound simulation algorithms, researchers can bridge the gap between archaeolog-
ical findings and auditory experiences. The case studies of Padova’s Pan flute and Voghenza’s
Roman brass instrument demonstrate the potential of these methodologies to uncover the acoustic
properties and musical significance of ancient artifacts.

3.15.9 Digital Reconstruction and Simulation of Electronic Instruments

The DREAM project’s endeavor to digitally reconstruct and simulate the lost electronic instruments
of Milan’s Studio di Fonologia Musicale underscores the critical role of interdisciplinary collaboration
in preserving the legacy of electronic music innovation. By leveraging advanced digital techniques,
researchers aim to ensure that the sounds and functionalities of these pioneering devices remain
accessible to future generations.

The culmination of these efforts was the creation of tangible replicas of select electronic devices
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from Milan’s Studio di Fonologia Musicale. These replicas, faithful in both appearance and sound
generation to their historical counterparts, were exhibited to the public at the Music Instrument
Museum in Milan. Through interactive displays, visitors could engage with the replicas, gaining
insights into the pioneering era of electronic music production and performance.

3.15.10 Advantages of Digital Modeling Techniques

The application of digital modeling techniques presents a compelling avenue for the study of an-
cient musical instruments, even those rendered unplayable due to precarious conservation states or
technological obsolescence. One of the most significant advantages lies in the ability to simulate
the sounds these instruments would have produced during their heyday. Digital models allow re-
searchers to generate and listen to these sounds, even when only fragmentary remains or descriptions
are available.

The choice of modeling technique depends on various factors such as the artifact’s state of preser-
vation, acoustic properties, intended study aspects, and accessibility goals. Digital models can be
crafted using a range of methodologies, including physically informed sound synthesis, finite element
analysis, and waveguide models, each offering different strengths and insights.

3.15.11 Case Studies: Methodological Considerations and Implications

The case studies presented herein exemplify how these considerations inform methodological choices.
For instance, the reconstruction of Padova’s Pan flute utilized computed tomography (CT) scanning
to obtain precise measurements, which informed both the digital model and the interactive digi-
tal instrument. Similarly, Voghenza’s Roman brass instrument, fragmented into eight pieces, was
meticulously scanned using a structured light system, and an innovative algorithm was employed
to digitally reconstruct the complete geometry of the instrument.[46]

These reconstructions allow for the simulation of the sounds the instruments would have produced,
providing valuable insights into the musical practices of ancient cultures. The ability to hear these
reconstructed sounds helps deepen our understanding of music’s evolution and its societal roles in
the past.

3.15.12 Educational and Curatorial Implications

From a museum curator’s perspective, the resurrection of the sounds of silent instruments offers
a valuable opportunity to disseminate knowledge to the general public. Sound, being inherently
engaging and evocative, serves as a powerful conduit for emotional connection and educational
enrichment. Interactive displays and digital reconstructions enable museums to offer immersive
experiences, allowing visitors to engage with historical artifacts in a profoundly impactful way.[46]

Overall, the continued advancement of digital reconstruction and sound simulation techniques
promises to enhance our understanding of historical musical practices. By integrating these methods
into interdisciplinary research, scholars can unlock new insights into the cultural and artistic ex-
pressions of past civilizations, enriching our appreciation of human creativity and expression across
time.
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Figure 3.7: A transcription of the technical drawing of the oscillators designed by Alfredo
Lietti for the Studio di Fonologia of Milan.

3.16 Integration of Digital Technology in Museums

Over the past decade, museums have increasingly embraced digital technology to enrich visitor expe-
riences. These technologies facilitate active engagement with artifacts, fostering both education and
entertainment. However, achieving a balance between engagement and accuracy is crucial to ensure
that digital presentations maintain both depth and integrity. This balance necessitates interdisci-
plinary collaboration, drawing upon expertise from history, archaeology, information engineering,
and craftsmanship. A robust design methodology is essential for leveraging digital technology ef-
fectively in museum and gallery settings, enhancing the visitor’s journey through multidimensional
storytelling and interactive experiences [46].

3.16.1 Case Study: Ancient Pan Flute from the Museum of Archaeological
Sciences and Art

The project centers around a unique artistic artifact: an exceptionally well-preserved ancient pan
flute, probably of Greek origin, recovered in Egypt in the 1930s and now exhibited in the Museum of
Archaeological Sciences and Art (MSA), University of Padova. Presenting this musical instrument
to the general public is a complex task due to its multifaceted nature. It is necessary to effectively
communicate aspects related to history, iconography, acoustics, musicology, and the research carried
out during the project[46]

3.16.2 Methodology: Active Preservation of Archaeological Artifacts

Starting with this case study, the project aimed at defining a novel approach and methodology for
the “active preservation” of archaeological artifacts, specifically musical instruments. Preservation
of documents is typically categorized into passive preservation, which aims to protect the original
documents from external agents without alterations, and active preservation, which involves data
transfer from the analog to the digital domain. The traditional “preserve the original” paradigm
has progressively shifted to the “distribution is preservation” idea of digitizing content and making
it available in digital libraries.
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We aim to transpose these categories to the field of physical artifacts and musical instruments:

• Passive Preservation: Preserving the original instruments from external agents without
altering the components.

• Active Preservation: Redesigning the instruments with new components or creating virtual
simulations, thus allowing wide-scale access.

These concepts may be summarized in a single “mission statement”: to bring archaeological remains
back to light and to bring them back to life with the aid of technology.

3.16.3 Goals and Methodologies

The final goal is to develop an installation that recreates the instrument, allowing museum visitors to
interact with it and its history. Achieving this goal requires truly multidisciplinary methodologies:

1. Historical and Iconographic Study: Investigating the history and iconography of pan
flutes, with a focus on Classical Greece.

2. Non-Invasive Analysis: Analyzing the geometry, construction, age, and geographical origin
of the artifact through non-invasive techniques such as 3D scanning and materials chemistry.

3. Acoustic and Musicological Study: Examining the acoustics, timbre, and tuning of the
instrument by combining physics with elements of ancient Greek music theory.

4. Interactive Design: Designing interactive installations that recreate a virtual flute, allowing
intuitive access to all these facets.

3.16.4 Research Methodologies and Preliminary Results

The remaining sections touch upon all of these points, with the main goal of illustrating the re-
search methodologies and their potential. Only preliminary results obtained in the early months of
the project will be discussed. The integration of digital modeling techniques and sound simulation
algorithms presents a compelling avenue for the study of ancient musical instruments. This inter-
disciplinary approach not only enhances our understanding of historical musical practices but also
bridges the gap between archaeological artifacts and contemporary audiences. Through interactive
displays and digital reconstructions, museums can offer immersive experiences, allowing visitors to
engage with historical artifacts in a profoundly impactful way.[49]

3.16.5 Case Studies: Application and Technical Challenges

The methodology is exemplified through case studies, such as the reconstruction of Padova’s Pan
flute and Voghenza’s Roman brass instrument. For the Pan flute, CT scanning was utilized to obtain
precise measurements, which informed both the digital model and the interactive digital instrument.
Similarly, the Roman brass instrument, fragmented into eight pieces, was meticulously scanned
using a structured light system. An innovative algorithm was employed to digitally reconstruct the
complete geometry of the instrument.[50]

• Data Collection: Gathering information from various sources such as pictures, textual de-
scriptions, technical drawings, and archaeological finds. Techniques like structured light scan-
ners or computational tomography may be used to obtain detailed measurements and 3D
models of the artifacts.
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• Virtual Restoration: Using digital processing techniques to restore the instrument virtually,
considering different hypotheses about its geometry, materials, and missing parts. This itera-
tive process allows for the creation of multiple versions of the instrument to address different
objectives.

• Sound Simulation: Generating simulations of the sounds produced by the reconstructed
instrument based on its geometrical and functional properties. These simulations help validate
assumptions and may suggest further improvements to the model.

• Physical Reconstruction: Using the virtual model as a guide, craftsmen can construct
physical copies of the instrument. Alternatively, additive printing technologies can be used
to directly produce physical replicas. The physical copies can then be used to refine the
parameters of sound simulation algorithms.

By following this comprehensive methodology, researchers can harness the power of digital tech-
nologies to explore and share the rich cultural heritage of ancient musical instruments. This inter-
disciplinary approach enhances our understanding of human creativity and expression throughout
history, bridging the gap between archaeological artifacts and contemporary audiences[51].

The other essay delves into a research project centered around the preservation and recreation of an
ancient pan flute, likely of Greek origin, recovered from Egypt. It emphasizes the multidisciplinary
nature of the project, which involves collaboration between researchers in archaeology, 3D scanning,
materials chemistry, and sound and music computing (SMC). The essay outlines the project’s goals,
methodology, and the development of interactive installations aimed at engaging museum visitors
with the artifact.[52]

In contrast, the second essay recounts the artistic process of crafting a contemporary musical in-
strument - a glass flute - in a glass studio. It highlights the creative vision of the glass artist,
the challenges encountered during the glassblowing process, and the collaborative efforts with a
musician to ensure the functionality of the flute as a musical instrument.

In terms of structure, the first essay follows a traditional academic format, presenting information
in a structured manner with sections covering different aspects of the research project. On the other
hand, the second essay adopts a narrative structure, taking the reader through the artist’s journey
from conception to completion of the glass flute.

Regarding content, the first essay focuses on technical details related to preservation techniques,
analysis methods, and the development of interactive installations. In contrast, the second essay
emphasizes the artistic vision, creative process, and collaboration between the artist and musician
in creating a unique musical instrument.

we can see that while both essays explore the intersection of art, technology, and creativity in
the realm of musical instruments, they offer distinct perspectives - one from a research-driven,
multidisciplinary approach and the other from an artistic and collaborative endeavor in glassblowing
and music-making.[51]

3.17 Detailed Acoustical Analysis and Sound Simulation of Flue-
Like Instruments

The detailed understanding of initial transients in flue-like instruments can significantly enhance
sound simulation approaches. By accurately modeling the order and amplitude rise times of har-
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monics, the realism of simulated sounds can be improved, reflecting how the sound evolves over
time. Recognizing phenomena like "forerunners" and "Next Mode Bursts" allows simulations to in-
corporate these brief, high-frequency components that contribute to the instrument’s characteristic
sound.

3.17.1 Advanced Sound Simulation Techniques

Incorporating models that consider different pressure rise profiles—plosive, abrupt, slow—can help
simulate various attack transients, leading to more authentic sound generation. Including the role of
edge tones and their tuning to harmonics refines simulations, especially for instruments like recorders
and organs where mouthpiece adjustments are critical. Using visualization data of jet behaviors
and turbulence can enhance the accuracy of jet interaction models in simulations, resulting in more
precise sound reproduction. By integrating these detailed acoustical analyses and models, sound
simulation can achieve higher fidelity, closely mimicking the nuanced behaviors of real flue-like
instruments.

3.17.2 Shift in Research Focus on Transient Sounds

Over the past two decades, there has been a notable shift in research focus towards the nuanced
aspects of transient sounds in flue-like instruments, particularly in organ pipes and recorders. This
shift highlights a growing recognition of the significance of mouth tones and edge tones in shaping
the initial transients of these instruments. Previous studies, while informative, often overlooked the
intricate relationship between these transient sounds and the overall tone build-up.

3.17.3 Need for Representative Experiments and Detailed Analyses

This text underscores the need for more representative experiments and detailed time/frequency
analyses to fully understand the acoustical characteristics of attack transients. Through systematic
experimentation and fine-resolution analysis techniques, researchers aim to unravel the complexities
of mouth tones and their interactions with pipe resonances. This research sheds light on the influence
of factors such as supply pressure variations and pressure rise slopes on the spectral complexity
of attack transients. Furthermore, it underscores the practical implications of these findings for
instrument design and voicing practices, emphasizing the importance of precise control over mouth
parameters and pressure dynamics.

3.17.4 Practical Implications for Instrument Design and Voicing Practices

This evolving body of research enriches our understanding of transient sounds in wind instruments,
offering valuable insights into their timbral nuances and aesthetic considerations. By focusing on
the interaction between mouth tones and pipe resonances, researchers can inform better design and
voicing practices. For example, understanding how supply pressure variations affect the spectral
complexity of attack transients can guide the precise control of mouth parameters and pressure
dynamics, leading to instruments that better capture the intended sound characteristics.

3.17.5 Integration into Digital Reconstruction Methodologies

The integration of these advanced sound simulation techniques into digital reconstruction method-
ologies presents a compelling avenue for the study of ancient musical instruments, even those ren-
dered unplayable by precarious conservation states or technological obsolescence. By simulating the
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sounds these instruments would have produced during their heyday, digital models allow researchers
to generate and listen to these sounds, even when only fragmentary remains or descriptions are avail-
able. The choice of modeling technique depends on various factors such as the artifact’s state of
preservation, acoustic properties, intended study aspects, and accessibility goals.

3.17.6 Case Studies and Methodological Applications

The case studies presented herein exemplify how these considerations inform methodological choices.
For instance, in the reconstruction of Padova’s Pan flute and Voghenza’s Roman brass instrument,
precise acoustic simulations were achieved by leveraging advanced digital techniques. These ef-
forts underscore the significance of resurrecting the sounds of silent instruments to deepen our
understanding of music’s evolution and its societal roles in the past. Furthermore, from a museum
curator’s perspective, this represents a valuable opportunity to disseminate this knowledge to the
general public. Sound, being inherently engaging and evocative, serves as a powerful conduit for
emotional connection and educational enrichment.

By following this comprehensive methodology, researchers can harness the power of digital tech-
nologies to explore and share the rich cultural heritage of ancient musical instruments. This inter-
disciplinary approach enhances our understanding of human creativity and expression throughout
history, bridging the gap between archaeological artifacts and contemporary audiences[53].
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Chapter 4

String Instruments

String instruments hold a timeless allure, captivating audiences with their rich tones, expressive
melodies, and profound cultural significance. From the majestic resonance of a grand piano to the
soulful melodies of a violin, these instruments have played an integral role in shaping the landscape
of music across civilizations and epochs.

In this chapter,a journey into the fascinating world of string instruments, exploring their intricate
mechanics, acoustic properties, and artistic potential. Through a blend of theoretical analysis,
computational modeling, and experimental investigation, to unravel the mysteries behind the cap-
tivating soundscapes produced by these remarkable instruments[54].

From the delicate vibrations of a violin string to the resonant chamber of a guitar, each element of
a string instrument contributes to its distinctive timbre and character. Through meticulous study
and analysis, to understand the complex interplay between strings, body resonance, and player
technique, shedding light on the secrets of centuries-old craftsmanship and musical tradition.

The depths of string instrument acoustics, to uncover a world of resonance, harmonics, and over-
tones, where physics converges with artistry to create transcendent musical experiences. Through
the lens of science and technology, to gain new insights into the age-old practices of instrument
making and performance, forging a deeper appreciation for the craftsmanship and creativity that
bring these instruments to life.

Chapter four of the work start by discussing a review of Finite Element Studies in String Musical
Instruments[4] exploring the modeling and simulation of stringed musical instruments using the
finite element method (FEM). It focuses on various aspects, including simulating the behavior
of soundboards in bowed, plucked, and hammered string instruments, as well as the behavior of
assembled instrument boxes and their interaction with the surrounding air[55].

String instruments, which generate sound through the vibrations of strings under tension. The pro-
cess involves a player interacting with these strings in various manners, including bowing, plucking,
or striking. A string instrument typically consists of a body with a resonant cavity that supports
the strings under tension. When these strings vibrate, they exert a time-dependent force on the in-
strument’s soundboard (or top plate), which in turn vibrates, radiating sound into the surrounding
environment. The design and material properties of the instrument play crucial roles in this sound
production process. String instruments are considered complex mechanical vibrating systems, en-
compassing both the structure of the instrument itself and the interactions between the structure
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and the surrounding air[56] [57].

The main source of sound in string instruments is the vibration of the air cavity and the body of
the instrument, rather than the string excitation alone, which plays a relatively minor role. The
instrument acts as a filter, transforming the excitation force of the strings into the sound that is
ultimately radiated. This complex interaction determines the quality and character of the sound
produced[58].

String instruments can be excited in several ways. Bowed instruments like the violin, cello, and
double bass involve the use of a bow to create continuous sound, while plucked instruments such
as the guitar and harp involve plucking the strings to generate sound. Additionally, instruments
like the piano and dulcimer are categorized as hammered string instruments because the strings are
struck to produce sound.

From the perspective of instrument builders and musicians, four key attributes are critical in defining
the quality and character of a string instrument: timbre (or sound quality), attack behavior, overall
loudness, and the range of timbral variation. Timbre is particularly significant within specific
families of instruments, where it is used to differentiate and prefer one instrument over another.
The ability to control the attack, which affects how quickly a sound can start and stop, is crucial
for facilitating rapid play. The maximization of loudness is a key consideration for instrument
builders, aiming to enhance the instrument’s projection and presence in performance settings. The
potential for timbral variation, which depends on the instrument’s response to dynamic changes,
allows musicians to express a wider emotional and dynamic range during performance.[28]

The physical behavior of a string instrument can be dissected into three interrelated components:
the behavior of the stretched strings, the response of the soundbox and the adjacent air to the string’s
vibrations, and the sound radiated primarily from the soundbox. Each component is interconnected
and influences the others, contributing to the overall acoustic output of the instrument.

The review highlights the complexity of string instruments as mechanical vibrating systems, con-
sidering both their structure and fluid-structure interaction. It emphasizes that while there have
been advancements in modeling certain aspects of string instruments, such as the behavior of sound-
boards and assembled instrument boxes, simulating the entire instrument with all its components,
fluid-structure interaction, and interaction with the surrounding air remains a challenge due to
computational demands.

musical instruments based on excitation mechanisms and focuses specifically on string instruments,
which produce sound through vibrating strings. It explains how the vibration of strings sets the
soundboard into motion, leading to the production of sound. The paper also discusses different
methods of excitation for string instruments, including bowing, plucking, and hammering, and
provides examples of representative instruments in each category.

Furthermore, key features that determine the quality and character of string instruments, such as
timbre, attack behavior, overall loudness, and the degree of possible timbre variation. It emphasizes
the interconnectedness of various aspects of string instrument behavior, including the stretched
string behavior controlled by the player, the response of the instrument’s soundbox and neighboring
air to string motion, and the radiated sound primarily from the soundbox.

the review paper provides a comprehensive overview of finite element studies in string musical
instruments, covering modal analysis, numerical methods for simulation, and specific areas of focus
such as soundboard behavior, assembled instrument box behavior, fluid-structure interaction, and
interaction with the surrounding air. Then transition into discussing modal analysis, which is
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essential for understanding the dynamic properties of musical instruments. Modal analysis involves
studying the normal modes of vibration of instruments under excitation. Instruments are treated
as elastic structures, and their frequency response is determined by summing the modal responses
of their substructures. Each mode of vibration is characterized by natural frequency, mode shape,
and damping factor.

Experimental modal testing is a technique used to identify modal parameters such as natural fre-
quencies, mode shapes, and damping. Various methods, including mechanical, optical, and indirect
measurements of the radiated sound field, can be employed. Mechanical techniques involve us-
ing devices like hammers, while optical methods like holographic interferometry and laser Doppler
vibrometry offer non-destructive measurement options.

Modal analysis numerical simulations, mainly conducted through the finite element method (FEM)
and finite difference method (FDM), provide insights into the influence of variables like thickness,
curvature, and material properties on instrument vibration modes. FEM, in particular, is versatile
for modeling complex geometries and allows for flexible meshing and solution approximation[59].

Numerical methods, including FEM, FDM, and boundary element method (BEM), offer advantages
over analytical methods for simulating complex processes and structures. FEM, with its matrix-
based calculations and mesh subdivision, is adaptable to various geometries and loading conditions.
FDM, while simpler, is suitable for solving problems over regular grids, and BEM is commonly used
for calculating sound radiation from musical instruments. modal analysis and numerical methods
play crucial roles in understanding the dynamic behavior of musical instruments, predicting their
response to forces, vibrations, and environmental conditions, and advancing the study of acoustics
and instrument design, as seen in figure

4.1 Hybrid Simulation and Optimization of the Ancient Guitar:
The Phorminx Case Study

Building upon extensive research in the simulation of musical instruments, this study focuses specif-
ically on the ancient guitar, known as the Phorminx, as a case study. As outlined in the preceding
discussion, significant progress has been made in simulating the excitation mechanisms of string
instruments. However, the complex interaction between the instrument’s body and the vibrating
strings poses substantial challenges. To address this, a hybrid simulation method that was intro-
duced which combined Digital Signal Processing (DSP) and the Finite Element Method (FEM),
complemented by a multi-objective optimization technique.

The Finite Element Method (FEM) stands as a pivotal numerical technique in the realm of engi-
neering and mathematical analysis. It facilitates the solution of intricate problems encountered in
various fields by discretizing a given structure or domain into smaller, manageable elements inter-
connected at discrete points known as nodes. This process, termed meshing, forms the foundation of
FEM analysis, enabling the approximation of solutions to complex differential equations governing
physical phenomena[60].

A quintessential aspect of the FEM approach lies in its formulation of governing equations, which
encapsulate the behavior of individual elements within the system. These equations are derived from
fundamental principles of physics, such as equilibrium conditions and constitutive relations, thereby
providing a rigorous mathematical framework for analysis. Each element is assigned specific material
properties, such as elasticity and density, as well as geometric attributes, ensuring a comprehensive
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representation of the underlying physics[61].

Upon formulating the governing equations for each element, they are systematically assembled
to construct a global system of equations that describes the behavior of the entire structure. This
assembly process incorporates the interactions between adjacent elements and accounts for boundary
conditions imposed on the system, including applied loads and constraints. Subsequently, numerical
techniques, ranging from iterative methods to direct solvers, are employed to solve the system of
equations, yielding essential quantities such as displacements, stresses, and strains throughout the
structure.

Post-processing of the obtained results entails comprehensive analysis and visualization to elucidate
the behavior of the system under consideration. Engineers and scientists utilize various tools and
techniques to interpret the numerical outputs, gaining insights into critical aspects such as structural
integrity, heat transfer, fluid flow, and electromagnetic interactions. Through meticulous analysis
and interpretation, FEM serves as an indispensable tool for exploring the intricacies of complex
systems and informing informed decision-making in engineering design and analysis endeavors[62].

This hybrid approach not only addresses the intricacies of the ancient guitar’s resonance but also
offers a framework for users to prioritize and customize key parameters such as tuning, sound
quality, and ergonomics. By integrating DSP for string modeling and FEM for body simulation, the
proposed method achieves a comprehensive representation of the instrument’s acoustic behavior.

The proposed method employs a holistic approach to capture the intricate nuances of the instru-
ment’s acoustic behavior, ensuring a thorough and detailed representation of its sonic characteristics.
By integrating various computational techniques and experimental methodologies, the method aims
to provide a comprehensive understanding of how the instrument interacts with its environment and
produces sound.

Firstly, the method incorporates advanced numerical simulations, such as Finite Element Analysis
(FEA) or Boundary Element Method (BEM), to model the structural dynamics of the instrument.
These simulations take into account factors such as material properties, geometric intricacies, and
boundary conditions to accurately simulate the vibrational modes, resonances, and damping char-
acteristics of the instrument components[50].

Furthermore, experimental modal testing is conducted to validate the numerical simulations and
capture real-world vibrational data of the instrument. This involves exciting the instrument with
controlled inputs, such as impact hammers or shakers, and measuring the resulting vibrations using
accelerometers or laser vibrometers. By comparing the experimental results with the simulated
modal parameters, the method ensures the fidelity of the numerical models and provides insights
into the instrument’s vibrational behavior under different operating conditions.

Additionally, the method may utilize advanced signal processing techniques to analyze the recorded
audio signals produced by the instrument. Signal processing algorithms can extract valuable infor-
mation about the instrument’s frequency response, harmonic content, transient characteristics, and
spatial distribution of sound energy. This analysis offers further insights into the instrument’s tonal
quality, timbre, and overall acoustic performance[49].

Overall, by combining numerical simulations, experimental modal testing, and signal processing
analysis, the proposed method offers a comprehensive and multi-faceted approach to characterizing
the instrument’s acoustic behavior. This holistic representation enables researchers and instrument
makers to gain deeper insights into the underlying physics of sound production, optimize instrument
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design and construction, and enhance the overall musical experience for performers and listeners
alike.

4.1.1 Historical and Structural Context of the Phorminx

Before delving into the technical details of the simulation and optimization methodology, it is im-
perative to establish the historical and structural context of the ancient guitar. The Phorminx
holds significant cultural value in ancient Greek society and features distinctive design characteris-
tics. Through a meticulous examination of both physical replicas and computational models, the
gap between ancient craftsmanship and modern computational engineering is a bridge , offering
valuable insights into the acoustic properties and design principles of this venerable instrument that
was introduced.

4.1.2 Methodology

The simulation process of the Phorminx is delineated into two integral components: the string and
the body, each playing a pivotal role in sound generation. The instrument’s body is conceptualized
as a linear mechanical-acoustic system that acts as a conduit, transforming the vibrational forces
exerted by the strings into sound pressure waves that reverberate through the air. The method-
ological approach involves simulating the string and body independently and amalgamating their
resultant signals to derive the final instrument sound.

String Modeling with DSP

Digital Signal Processing (DSP) techniques are employed to model the vibrating strings of the
Phorminx. The string’s vibrational behavior is characterized using digital waveguide synthesis,
which effectively simulates wave propagation along the string. By applying delay lines and filtering,
the dynamic interactions and transient responses of the strings was captured , ensuring accurate
representation of their acoustic properties.

Body Simulation with FEM

The body of the Phorminx is modeled using the Finite Element Method (FEM) to account for its
complex geometry and material properties. FEM allows for a detailed analysis of the structural
and acoustic response of the instrument’s body. By solving the governing equations of motion,
the resonant frequencies was determine, mode shapes, and sound radiation patterns, providing a
comprehensive understanding of the body’s influence on sound production.

4.1.3 Multi-Objective Optimization

To enhance the simulation framework, a multi-objective optimization algorithm that allows users to
define their preferences and constraints was incorporate . This algorithm facilitates the derivation
of optimal building parameters tailored to specific criteria such as tuning accuracy, sound qual-
ity, and ergonomic considerations. The optimization process transcends mere accuracy in sound
reproduction, offering a means to refine and enhance the instrument’s overall performance and
playability.

In addition to validating the player-instrument interaction model, the research endeavors encom-
passed extensive comparisons between numerically synthesized signals and empirical measurements,
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leveraging both artificial blowing machines and experiments involving human players. The utiliza-
tion of artificial blowing machines facilitated controlled laboratory conditions, enabling precise and
repeatable assessments of the model’s performance. Through meticulous comparisons of the mouth-
piece pressure data acquired from the blowing machine with the calculated values derived from the
physical model across various articulation conditions, researchers demonstrated the model’s efficacy
in accurately capturing significant physical phenomena encountered during note transitions.

Moreover, the experiments involving human players provided invaluable insights into the real-world
dynamics of player-instrument interaction, allowing for a comprehensive evaluation of the model’s
predictive capabilities in practical musical contexts. By analyzing the discrepancies and correlations
between the synthesized signals and the actual performance data obtained from skilled musicians,
the research further validated the model’s accuracy and robustness in simulating the complex in-
terplay between player actions and instrument responses.

This meticulous validation process not only confirmed the fidelity of the player-instrument inter-
action model but also underscored its applicability and reliability across a range of performance
scenarios. The successful alignment between simulated and measured data not only enhances our
understanding of the underlying physical mechanisms governing musical sound production but also
bolsters confidence in the model’s utility for informing instrument design, performance pedagogy,
and musical acoustics research.

In a parallel vein, investigations involving comparisons between human players and physics-based
modeling have been undertaken. By incorporating pressure transducers within the instrument and
the player’s mouth, in conjunction with strain gauges monitoring reed displacement, measurements
during live performances have been facilitated. Through this empirical approach, the model’s ability
to accurately replicate excerpts performed by professional musicians has been demonstrated, thereby
affirming its qualitative fidelity to real-world performances[63].

Furthermore, the hybrid simulation and optimization methodology proposed in this study offer a
robust framework for comprehensively understanding and reproducing the acoustic properties of the
ancient guitar, the Phorminx. Through the integration of Digital Signal Processing (DSP), Finite
Element Method (FEM), and multi-objective optimization techniques, a comprehensive toolset is
provided for researchers and instrument makers to delve into and refine the intricate dynamics of
this historical instrument. Beyond mere preservation of the cultural heritage associated with ancient
Greek music, this approach lays the groundwork for future advancements in the realms of musical
acoustics and instrument design, fostering innovation and exploration in the field[64].

4.2 Hybrid Simulation of the Ancient Guitar: Integration of DSP
and FEM Approaches

The simulation of the vibrating string is achieved using Digital Waveguides. This method effectively
models wave propagation and transverse displacement along the string, providing a detailed repre-
sentation of its vibrational behavior. Key parameters such as tension, linear density, and damping
effects are meticulously accounted for, ensuring an accurate simulation of the string’s dynamics.

Digital Waveguides are a computational method utilized in string simulation, offering a sophisticated
approach to modeling the dynamic behavior of strings in musical instruments. This technique is
based on the physical principles governing wave propagation along a string, allowing for accurate
emulation of string vibrations and the resultant sound generation[65].
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At its core, the Digital Waveguide approach represents a digital representation of a physical string,
where the string is discretized into a series of interconnected waveguides. These waveguides simulate
the propagation of waves along the string by modeling the wave reflections and interactions at
discrete points along its length. By carefully controlling parameters such as tension, mass density,
and damping, Digital Waveguides can accurately reproduce the behavior of strings across a wide
range of musical instruments.

One of the key advantages of Digital Waveguide modeling is its computational efficiency, making
it suitable for real-time audio synthesis applications. By leveraging efficient algorithms and nu-
merical techniques, Digital Waveguide simulations can achieve high-fidelity results with relatively
low computational overhead, enabling their integration into software synthesizers, digital audio
workstations, and other real-time audio processing systems.

Additionally, Digital Waveguide simulations offer flexibility and versatility in modeling various
stringed instruments, including guitars, violins, pianos, and more. By adjusting the parameters
of the waveguide model, such as length, tension, and boundary conditions, researchers and in-
strument designers can tailor the simulation to accurately represent the specific characteristics of
different instruments and playing techniques.

Furthermore, Digital Waveguide modeling can be extended to incorporate advanced signal process-
ing techniques, such as nonlinearities, dispersion effects, and modal resonances, to further enhance
the realism and expressive capabilities of the simulations. This allows for the creation of highly
immersive and interactive virtual instruments that respond realistically to player input and capture
the nuances of acoustic instruments.

Digital Waveguide modeling offers a powerful and versatile approach to simulating string vibrations
in musical instruments. With its computational efficiency, flexibility, and ability to capture complex
physical phenomena, Digital Waveguides have become a cornerstone of modern string simulation
techniques, facilitating advancements in virtual instrument design, audio synthesis, and musical
acoustics research[66].

The triggering mechanisms for string oscillation, including percussion, finger or pick plucking, and
bowing, are examined, each imparting distinct sonic characteristics to the instrument. The plucking
position is a crucial factor, influencing the harmonic structure of the sound. a fixed plucking position
is strategically was chosen to emulate specific harmonic characteristics consistent with the ancient
guitar. Frequency-dependent damping and nodal effects are incorporated to faithfully render the
instrument’s timbral nuances[67].

The Finite Element Method (FEM) stands as a cornerstone in the rigorous exploration of the
acoustic properties of musical instruments, particularly in the context of modeling the instrument’s
body. By employing FEM, a meticulous analysis of the intricate geometrical features and material
properties inherent in the instrument’s construction. This method allows for a granular examination
of the vibrational modes and acoustic behavior exhibited by different wood materials commonly
employed in instrument crafting.

Through FEM analysis, meticulously scrutinize the vibrational characteristics and natural frequen-
cies of these wood materials, unveiling their unique contributions to the instrument’s overall acoustic
resonance. This comprehensive exploration provides invaluable insights into the complex interplay
between material properties and acoustic performance, guiding the selection of materials and in-
forming the design process to achieve desired tonal qualities and sonic characteristics[68].

Moreover, the utilization of FEM enables us to simulate the impulse response of the instrument’s
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body, offering a detailed understanding of its acoustic behavior under various excitation conditions.
By considering the nuanced interactions between the instrument’s geometry, material composition,
and vibrational modes, a deeper insights into the mechanisms governing sound production and
projection was gained.

Ultimately, the integration of FEM into the research framework unravel the intricate acoustic nu-
ances of musical instruments, paving the way for advancements in instrument design, optimization,
and craftsmanship. Through a systematic exploration of the vibrational dynamics and acoustic
properties of instrument bodies, understanding of musical instrument acoustics and contribute to
the ongoing evolution of instrument making and performance practices.

The final signal, S(t), is computed by convoluting the output of the string model with the body’s
impulse response, h(t). This technique, known as commuted synthesis, leverages precalculated
impulse response data to streamline computational efficiency. The hybrid simulation technique
comprises a DSP model for string emulation and a 3D FEM model for body analysis, culminating
in the generation of the simulated instrument signal.

The coupling between the vibrating string and the resonating body is a critical aspect of sound
production in string instruments. By integrating the string and body simulations, the commuted
synthesis approach ensures a cohesive representation of the instrument’s acoustic output. This
integration is pivotal for capturing the rich dynamics of sound production, especially for instruments
like the ancient guitar, which lack sound openings but still exhibit complex coupling dynamics with
the surrounding air.

Validation of the simulation model involves comparing the numerically synthesized signals with
measurements obtained from physical replicas of the ancient string instrument. A physical replica
of the ancient string instrument is constructed, and its acoustic properties are meticulously compared
against the simulated counterparts.

also some hints at future endeavors aimed at integrating FEM models into optimization algorithms
for iterative parameter modification, thus enhancing computational feasibility. The incorporation of
a multi-objective optimization technique empowers users to define their preferences and constraints,
facilitating the derivation of optimal building parameters tailored to specific criteria such as tuning,
sound quality, and ergonomic considerations.

The dynamics of the vibrating string are elucidated through mathematical expressions and compu-
tational modeling, drawing upon principles of wave propagation and transverse displacement. The
FEM analysis of the instrument’s body, calibrated against physical replicas, provides a detailed
understanding of the body’s vibrational modes and acoustic properties.

By leveraging the impulse response of the body obtained from FEM simulations, the commuted syn-
thesis approach was elucidated, wherein the string model is excited by the body’s impulse response.
This hybrid simulation and optimization methodology offers a robust framework for understand-
ing and reproducing the acoustic properties of the ancient string instrument. The integration of
DSP, FEM, and multi-objective optimization provides a comprehensive tool for researchers and
instrument makers to explore and refine the intricate dynamics of this historical instrument.

In conclusion, this approach not only preserves the cultural heritage of ancient music but also paves
the way for future advancements in musical acoustics and instrument design. Direct comparisons
between neural-generated and physically modeled sounds, as well as the potential use of physically
modeled sounds to train neural network systems, highlight the complementary nature of these
methodologies in advancing the field of musical acoustics.
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4.3 Optimizer

4.3.1 Optimization Framework

Beyond the realm of simulation, a robust optimization framework aimed at refining the design
parameters of the instrument to enhance tuning was introduced, sound quality, and ergonomics.
Utilizing a controlled elitist genetic algorithm, the optimizer iteratively explores the parameter
space to minimize sub-objectives related to these aspects. The optimization process is guided by a
multi-objective function that prioritizes the significance of each parameter, offering a flexible and
comprehensive approach to instrument optimization.

4.3.2 Simulation Accuracy and Validation

The simulation of the ancient string instrument is meticulously crafted to replicate its resonant
frequencies and relative amplitudes with high accuracy. By recording the instrument’s sound under
controlled conditions and comparing it with the simulated output, a remarkable agreement between
the two was demonstrates . Deviations in frequency are perceptually insignificant, well below
the threshold of the Just Noticeable Difference. Additionally, the relative amplitudes of resonant
frequencies closely align between the physical and simulated instruments, underscoring the fidelity
of the simulation methodology[69].

4.3.3 Integration with Multi-Objective Optimizer

The simulation framework is integrated into a multi-objective optimizer aimed at refining the instru-
ment’s building details to optimize tuning, sound quality, and ergonomics. Leveraging a controlled
elitist genetic algorithm, the optimizer explores the parameter space to minimize sub-objectives
related to tuning accuracy, sound quality, and ergonomic considerations. Through meticulous pa-
rameter tuning and optimization, the optimizer identifies an optimal set of variables, including
string tension, length, linear density, and body material[70].

4.3.4 Multi-Objective Function and Trade-Offs

The multi-objective function, which encapsulates tuning accuracy, sound quality, and ergonomics,
provides a versatile framework for instrument optimization. By assigning significance to each pa-
rameter through weighting factors, the optimizer navigates the trade-offs inherent in instrument
design, yielding tailored solutions to meet specific performance criteria.

4.3.5 Methodology and Future Directions

A robust methodology for simulating stringed musical instruments and optimizing their key pa-
rameters. The proposed method, validated through a case study on an ancient string instrument,
offers a versatile approach applicable to a wide range of instruments. By leveraging computational
simulation and optimization techniques, instrument makers can expedite the design process and
customize instruments to meet the unique needs of musicians.

Looking ahead, subjective tests and further refinements to the optimization framework hold promise
for enhancing instrument design and performance evaluation. By bridging the gap between simu-
lation and practical implementation, this work paves the way for innovative instrument design and
exploration in both traditional and archaeological contexts [71].
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4.4 Modal Analysis and Numerical Simulations

Continuing with the discussion, a musical instrument can be treated as an elastic structure, where
its frequency response is determined by summing the modal responses of its substructures based on
their degrees of participation in the structural motion. Each mode of vibration is characterized by
three key parameters: the natural frequency, the mode shape, and the damping factor. The mode
shape represents the relative displacement of all parts of the instrument for a specific mode, while
the damping factor is inversely proportional to the mass distribution and influences the decay of
vibrational energy.

Experimental modal testing enables the identification of modal parameters such as natural frequen-
cies, mode shapes, and modal damping for the substructures of musical instruments. This testing
can employ various excitation methods, including continuous (sinusoidal), impulsive, or random ex-
citation, and measure responses through mechanical, optical, or indirect means, such as observing
the radiated sound field. Mechanical techniques often involve using devices like roving or fixed ham-
mers to excite the instrument’s structure, while optical methods utilize technologies like holographic
interferometry, laser Doppler vibrometry, and electronic speckle pattern interferometry (ESPI) for
nondestructive measurements. These techniques provide insights into the vibrational behavior of
musical instruments and help validate numerical simulations.

Modal analysis numerical simulations offer significant insights into the influence of various pa-
rameters, including thickness, curvature, material properties, and density, on the vibration modes
of musical instruments. Finite Element Method (FEM) simulations, along with Finite Difference
Methods (FDM) and Boundary Element Methods (BEM), are commonly used for such simulations.
FEM divides the structure into smaller elements to approximate solutions to systems of partial
differential equations, making it versatile for modeling complex geometries and material properties.
FDM, on the other hand, discretizes the structure into discrete node points and solves equation
systems for these points, making it suitable for simpler geometries and regular grids. BEM, mean-
while, is adept at calculating the sound radiated by simulated musical instruments by solving linear
partial differential equations formulated as integral equations.

Finite Element Analysis (FEA) is particularly valuable for predicting how musical instruments re-
spond to various loads, vibrations, and environmental conditions. The basic equations of motion
solved in FEM structural dynamic analysis involve mass, damping, and stiffness matrices, which
govern the modal behavior of the instrument under different conditions. By solving these equa-
tions, modal frequencies and mode shapes can be determined, providing valuable insights into the
vibrational behavior of musical instruments.

4.4.1 Mathematical Formulation

The basic equations of motion for a vibrating system in FEM are given by:

Mü(t) +Cu̇(t) +Ku(t) = F(t), (4.1)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, u(t) is the
displacement vector, and F(t) is the external force vector.

By solving this system of equations, the natural frequencies and mode shapes could be obtained,
which provide a comprehensive understanding of the instrument’s vibrational characteristics. The
modal analysis enables the assessment of how different design parameters affect the sound and
performance of the instrument.
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4.4.2 Experimental Modal Testing Techniques

Experimental modal testing techniques include:

• Mechanical Excitation: Using devices such as roving or fixed hammers.

• Optical Techniques: Employing holographic interferometry, laser Doppler vibrometry, and
electronic speckle pattern interferometry (ESPI).

• Indirect Measurement: Observing the radiated sound field to infer vibrational behavior.

4.4.3 Applications and Future Directions

The integration of FEM with experimental modal testing not only validates the numerical simu-
lations but also enhances the understanding of the acoustic properties and structural dynamics of
musical instruments. Future research directions include refining the FEM models and experimental
techniques to capture more detailed interactions and complex behaviors, facilitating more accurate
simulations and improved instrument designs.

The combination of experimental modal testing and advanced numerical simulations such as FEM,
FDM, and BEM provides a powerful toolkit for analyzing and optimizing the acoustic and structural
characteristics of musical instruments. This approach bridges the gap between theoretical models
and practical applications, paving the way for innovative designs and enhanced performance of
musical instruments.

Figure 4.1: Comparison of FEM and experimental results of mode shapes (a–m) obtained
with bottom shell fixed boundary condition. MP modes refer to the top plate and
MC modes refer to the cavity alone.
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Figure 4.2: Comparison of FEM and experimental results of mode shapes (a–m) obtained
with bottom shell fixed boundary condition. MP modes refer to the top plate and
MC modes refer to the cavity alone.

4.5 Significance of Soundboards

1. Significance of Soundboards

– At the heart of stringed instruments lies the soundboard, often crafted from spruce
wood due to its exceptional combination of stiffness and lightness. This component,
also known as the top plate, is pivotal in translating the energy from vibrating strings
into audible sound. Its vibrational behavior profoundly influences the instrument’s tonal
characteristics and resonance[4].

2. Complexities in Instrument Craftsmanship

– Despite centuries of craftsmanship tradition, contemporary instrument making is still
largely rooted in historical practices rather than scientific understanding. A comprehen-
sive exploration of the intricate relationship between instrument geometry and vibrational
properties remains elusive, although advancements in FEM simulations offer promising
avenues for exploration.

3. FEM Studies and the Violin

– Among stringed instruments, the violin stands as a beacon of study, owing to its rich
heritage and complex vibrational modes. Through FEM simulations, researchers scruti-
nize various factors influencing the violin’s sound production, including plate thickness,
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arching profile, and material properties. These simulations provide insights into how
these factors shape the instrument’s vibrational modes and ultimately affect its sound
quality.

4. Innovations in Violin Design

– Contemporary research ventures into innovative design approaches to enhance violin
performance and stability. For instance, investigations into alternative materials like
composites offer intriguing possibilities for improving instrument durability and tonal
characteristics. Additionally, studies exploring prestressing techniques aim to manipulate
the structural integrity of the soundboard, potentially unlocking new avenues for sound
production refinement.

5. Extending Insights to Other Instruments

– The principles elucidated through violin studies extend to a myriad of stringed instru-
ments, each presenting its own set of design challenges and sonic aspirations. From
guitars to lyres, FEM simulations aid in understanding how instrument geometry, mate-
rial choices, and construction techniques shape vibrational behavior, thereby informing
optimization strategies for achieving desired sound qualities.

6. Unraveling Fluid-Structure Interaction

– Advanced simulations delve into the dynamic interplay between instrument resonators
and the surrounding air. Understanding this fluid-structure interaction is crucial for
comprehending how instruments radiate sound and optimizing their acoustic efficiency.
By modeling the behavior of the air cavity within instrument bodies, researchers gain
insights into the complex mechanisms governing sound production and projection.

7. Navigating Challenges and Charting Future Directions

– Despite significant strides, the journey towards comprehensive instrument modeling is rife
with challenges. Integrating diverse factors such as geometry, material properties, fluid
dynamics, and acoustics into cohesive computational models demands interdisciplinary
collaboration and methodological rigor. Moreover, validation through experimental mea-
surements remains paramount for ensuring the fidelity of simulation results and advancing
our understanding of the intricate processes underlying stringed instrument acoustics.

FEM simulations serve as invaluable tools in unraveling the mysteries of stringed instrument acous-
tics, offering researchers a window into the nuanced relationship between design parameters and
sound production. Through continued interdisciplinary exploration and collaboration, the field of
instrument acoustics is poised to witness further advancements, ushering in an era of innovation
and refinement in musical instrument craftsmanship[4].

4.6 Vibration Analysis and Measurement Techniques

The study of vibrations and the development of vibration analysis and measurement techniques
are crucial across a broad spectrum of applications. These range from the automotive and aircraft
industries, where the focus is on components like car brakes and turbine blades, to material sci-
ence for defect detection and impact damages. In the audio industry, these techniques assist in
loudspeaker quality control, while in musical acoustics, they play a significant role in the vibration
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analysis of musical instruments. Additional applications include medicine for eardrum diagnostics
and electronics, particularly in the precision needed for hard disk heads.

Among the myriad of techniques available, laser-based optical methods such as holographic inter-
ferometry, laser Doppler vibrometry, and laser Doppler velocimetry offer unique advantages over
traditional mechanical techniques like the impact hammer/impulse response analysis, or the use of
piezoelectric elements and microphone arrays. Traditional photography captures only light intensity,
whereas holography also records the phase. This capability makes holographic interferometry par-
ticularly valuable as it allows full-field imaging, unlike point or scanning laser-based techniques such
as Doppler vibrometry. This comparison is visually and schematically detailed, which illustrates
the differences between laser-based and mechanical-based techniques.

Scanning laser-based techniques, such as Doppler vibrometry, represent sophisticated methods for
non-contact measurement of vibrational characteristics in various objects, including musical instru-
ments. Doppler vibrometry relies on the principle of the Doppler effect, where the frequency shift
of a laser beam reflected from a vibrating surface is proportional to the velocity of the surface’s
motion along the line of sight. This technique allows for the precise measurement of vibrational
velocities and displacements across the surface of an object with high spatial resolution.

In Doppler vibrometry, a laser beam is directed onto the surface of the target object, and the reflected
light is collected by a photodetector. By analyzing the frequency shift between the incident and
reflected laser beams, Doppler vibrometers can determine the velocity and direction of motion at
each measurement point on the object’s surface. This information enables the visualization and
characterization of vibrational modes and resonant frequencies, providing valuable insights into the
structural dynamics of the object[72].

One of the key advantages of scanning laser-based techniques like Doppler vibrometry is their
non-contact nature, which eliminates the need for physical probes or sensors to be attached to the
object being measured. This non-invasive approach minimizes interference with the object’s natural
vibrational behavior and preserves its integrity, making it particularly well-suited for delicate or
sensitive structures such as musical instruments.

Furthermore, Doppler vibrometry offers high spatial resolution, allowing for detailed mapping of
vibrational patterns across the surface of an object. This capability enables researchers to identify
localized areas of interest, such as regions experiencing excessive vibration or potential structural
anomalies, facilitating targeted analysis and diagnosis[73].

Overall, scanning laser-based techniques like Doppler vibrometry represent powerful tools for the
non-destructive assessment of vibrational characteristics in musical instruments. By providing de-
tailed insights into the dynamic behavior of instrument components, these techniques contribute to
the understanding and optimization of instrument design, performance, and acoustics.

Holographic interferometry, which combines aspects of both interferometry and holography, offers
a robust method for analyzing vibrations in structures under various conditions. The core principle
involves the comparison of two or more wave fields, with at least one being holographically recon-
structed. This method’s strength lies in its ability to compare the object beam with itself, thus
detecting even minute deformations through changes in the phase relationships between successive
recordings.

With the continuous evolution of technology, CCD/CMOS cameras have emerged as standard tools
for capturing dynamic interactions in various fields, including engineering and materials science.
This widespread adoption has paved the way for the development of advanced imaging techniques
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such as "TV-holography" or "electronic holography," which offer unprecedented insights into com-
plex phenomena.

Moreover, Electronic Speckle Pattern Interferometry (ESPI) represents a significant advancement in
optical metrology, particularly for the analysis of vibrating structures. ESPI harnesses the unique
properties of speckle patterns, which arise when coherent light interacts with rough surfaces, to
provide detailed information about surface deformations and vibrations.

The speckle pattern observed in ESPI results from the interference of multiple waves of light, each
with different phases and amplitudes, scattered by the object’s surface. This interference pattern
contains valuable information about the object’s dynamic behavior, allowing researchers to visualize
and analyze vibration patterns with high precision.

A notable advantage of ESPI is its ability to achieve high-resolution imaging of vibration patterns,
even on optically rough surfaces. This capability makes ESPI well-suited for a wide range of
applications, from structural health monitoring to non-destructive testing in materials science and
mechanical engineering.

The integration of CCD/CMOS cameras and ESPI technology represents a significant milestone in
optical metrology, enabling researchers to explore and understand the dynamic behavior of vibrating
structures with unprecedented detail and accuracy.

The mathematical description of time-average ESPI includes detailed analysis of reading contour
lines and addressing the challenges related to amplitude and phase vibrations. These techniques are
instrumental in providing a deeper understanding and enhanced accuracy in detecting and analyzing
vibrational patterns, which is particularly beneficial for complex systems like musical instruments
where precision is paramount.

To illustrate the mathematical description of time-average ESPI, let’s consider a simplified example
involving the analysis of vibrational patterns on a vibrating membrane.

Suppose we have a membrane undergoing vibrations, and we want to analyze its surface deformations
using ESPI. The interference pattern generated by ESPI can be described mathematically as follows:

Let I(x, y) represent the intensity of light at a point (x, y) on the membrane surface. This intensity
can be expressed as the sum of two components: the reference intensity Iref(x, y) and the object
intensity Iobj(x, y), which arise from the interference of light waves.

Mathematically, the interference pattern can be described by the equation:

I(x, y) = Iref(x, y) + Iobj(x, y)

The object intensity Iobj(x, y) is influenced by the surface deformations of the membrane caused
by its vibrations. These deformations introduce variations in both the amplitude and phase of the
light waves, leading to changes in the interference pattern observed by the ESPI setup.

To analyze the vibrational patterns accurately, ESPI techniques involve reading contour lines in
the interference pattern and addressing the challenges related to amplitude and phase vibrations.
By quantifying the deviations from the reference intensity and analyzing the spatial variations
in intensity across the membrane surface, researchers can extract valuable information about the
vibrational modes and frequencies of the membrane[74].
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This mathematical analysis, combined with experimental measurements using ESPI, enables re-
searchers to gain a deeper understanding and enhanced accuracy in detecting and analyzing vibra-
tional patterns on complex systems like musical instruments.

The application of ESPI and similar optical techniques in the study of musical instruments offers
valuable insights into the vibrational characteristics and acoustic behavior of these instruments,
which are crucial for their sound quality and performance. The researches have shown that these
methods are particularly effective for analyzing the vibrational behavior of both ancient and mod-
ern instruments in a non-destructive way, allowing for detailed examination without harming the
instrument.

The studies presented here demonstrate the versatility of ESPI in different settings and for various
types of musical instruments. The Cretan lyra, with its rich history and unique sound, provided an
excellent case study for the application of ESPI in understanding the impact of design variations
over centuries on sound production. Similarly, the Bendir’s detailed vibrational analysis illustrates
how traditional percussion instruments can benefit from modern scientific approaches to better
understand and enhance their musical capabilities.

Furthermore, integrating ESPI with other emerging technologies such as artificial intelligence and
machine learning could lead to innovative approaches for predicting the acoustic outcomes of differ-
ent materials and shapes, ultimately aiding instrument makers in their craft. This integration could
also facilitate the creation of virtual instruments in digital music production, closely mimicking the
physical properties of their real-world counterparts.

The integration of ESPI into the study of musical instruments not only enriches the understanding
of their acoustic properties but also opens new avenues for enhancing musical instrument design and
preservation. This combination of traditional craftsmanship and cutting-edge technology represents
a promising direction for the future of musical instrument research[75].

4.7 Finite-Element Analysis in Violin Acoustics

The violin has garnered extensive attention in the field of musical acoustics due to its longstanding
role as a prominent solo and ensemble instrument across different musical epochs. Its enchanting
sound presents a host of intriguing acoustical puzzles, many of which revolve around the complex
contours of its exquisite body.

Upon closer examination, the violin’s intricate construction becomes evident. Crafted by skilled
luthiers, its plates undergo meticulous carving not only to achieve aesthetic beauty but also to
undergo a precise tuning process aimed at optimizing their performance within the assembled in-
strument. This tuning, as described by Hutchins and expanded upon by subsequent researchers,
involves adjusting various characteristics of specific natural eigenmodes.

The vibrational characteristics of these violin components are influenced by numerous factors, in-
cluding geometric design elements such as arching and thickness distribution, as well as the material
properties like elasticity, density, and uniformity. To explore the impact of these factors, scholars
have turned to numerical methods, employing finite-element modeling techniques with notable suc-
cess. Works by Rodgers and others have investigated various aspects affecting plate tuning, while
studies by Richardson et al. have compared numerical predictions with experimental observations,
often corroborating empirical findings[62].

Modeling the entire violin body poses a significant challenge due to the complex nature of its
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vibrational patterns. Nonetheless, researchers have made strides in this area using finite-element
techniques, although experimental data reveal the intricate vibrational modes of the instrument.
Establishing clear relationships between the vibrational behavior of the individual plates and the
assembled structure is crucial, shedding light on the efforts of luthiers to fine-tune the plates before
final assembly.

4.7.1 Advanced Finite-Element Modeling Techniques

The violin’s unique acoustic properties stem from its highly intricate geometry and material compo-
sition, necessitating advanced modeling techniques for accurate analysis. Finite-Element Analysis
(FEA) has proven to be a powerful tool in this regard. By discretizing the violin’s structure into
finite elements, researchers can solve complex differential equations that govern vibrational behavior.

Material Properties and Geometric Design

The interplay between material properties (such as elasticity, density, and anisotropy) and geometric
design (including arching, thickness distribution, and boundary conditions) significantly affects the
vibrational characteristics of violin plates. Finite-element models incorporate these variables to
simulate how different configurations influence the natural frequencies and mode shapes of the
plates. Studies have demonstrated that slight variations in these parameters can lead to substantial
differences in acoustic performance.

Plate Tuning and Eigenmodes

Plate tuning is a critical process wherein luthiers adjust the thickness and curvature of the violin
plates to achieve desired vibrational characteristics. FEA allows for detailed analysis of how these
adjustments affect the eigenmodes of the plates. Researchers like Rodgers have utilized FEA to
simulate the effects of varying material properties and geometric configurations, providing valuable
insights that align with empirical data[76].

Comparative Analysis of Numerical and Experimental Data

Comparative studies, such as those conducted by Richardson[77] et al., have validated FEA mod-
els by comparing numerical predictions with experimental observations. These comparisons often
involve modal analysis, where the natural frequencies and mode shapes obtained from FEA are
matched with those measured using techniques like laser Doppler vibrometry and holographic inter-
ferometry. The high degree of correlation between numerical and experimental results underscores
the reliability of FEA in studying violin acoustics.

4.7.2 Challenges in Modeling the Entire Violin Body

While FEA has advanced our understanding of individual plate dynamics, modeling the entire
violin body remains a formidable challenge due to its complex vibrational interactions. The coupled
vibrations of the top plate, back plate, and ribs, along with the influence of the sound post and bass
bar, create a sophisticated system that is difficult to fully capture in simulations.

Coupled Vibrational Modes

The coupled vibrational modes of the assembled violin body exhibit intricate patterns that are
influenced by the interaction between the plates and the internal components. FEA models aim
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to simulate these coupled modes by incorporating the full structural assembly of the violin. How-
ever, the accuracy of these models heavily depends on precise material properties and boundary
conditions.

Experimental Validation

To validate these complex models, experimental data is essential. Techniques such as holographic
interferometry and ESPI provide detailed visualizations of vibrational patterns, which can be com-
pared against FEA simulations. These validations help refine the models, ensuring they accurately
represent the physical behavior of the instrument.

4.7.3 Future Directions in Violin Acoustics Research

The continued integration of advanced computational methods and experimental techniques holds
promise for further advancements in violin acoustics. Innovations in material science, such as the
use of composite materials, and advancements in computational power will enable more detailed and
accurate simulations. Additionally, the application of artificial intelligence and machine learning to
optimize design parameters could lead to groundbreaking improvements in instrument performance
and manufacturing processes.

In conclusion, the application of finite-element analysis in violin acoustics provides profound insights
into the relationship between design parameters and acoustic performance. This synergy between
traditional craftsmanship and cutting-edge technology fosters a deeper understanding of the intricate
processes underlying the sound production of stringed instruments, paving the way for innovative
advancements in musical instrument design

4.8 Finite-Element Analysis of Violin Plates and Complete Instru-
ment Structure

The primary goal of current research endeavors is to elucidate the complex relationships between
the vibrational characteristics of individual violin components and the assembled instrument. This
is achieved through concurrent finite-element analyses (FEA) of free violin plates and the complete
instrument box, excluding the neck. By refining finite-element meshes and accurately modeling
the geometrical intricacies of violin plates, including those adhering to the esteemed Stradivarius
pattern, researchers have conducted comprehensive analyses of the tuning process across various
wood types. Additionally, investigations into the vibrational effects of components like the bass
bar have yielded valuable insights. Comparative analyses of the vibrational patterns of the entire
violin structure with those of the free plates provide nuanced understandings of the instrument’s
acoustical behavior and the efficacy of plate tuning methodologies[70] [72] [73].

4.8.1 Finite-Element Modeling with ABAQUS

Utilizing the ABAQUS software within a robust computational environment, researchers have devel-
oped detailed models that allow for comprehensive examination of the violin’s vibrational dynamics
and responses to various stimuli, thereby contributing to a deeper understanding of its acoustic
properties.

ABAQUS is a powerful finite element analysis software used extensively in engineering and sci-
entific research. It provides a comprehensive platform for simulating and analyzing the behavior
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of structures, components, and materials under various loading conditions. Developed by Das-
sault Systèmes SIMULIA, ABAQUS offers advanced capabilities for modeling complex geometries,
nonlinear material behavior, contact interactions, and dynamic phenomena[78].

One example of ABAQUS software in action is its application in simulating the structural behavior
of a bridge subjected to seismic loading. Engineers can create a detailed finite element model
of the bridge geometry, including the deck, piers, and abutments, and assign appropriate material
properties to each component. By defining seismic loads based on historical data or design standards,
ABAQUS can simulate the dynamic response of the bridge, including its vibration modes, stresses,
and displacements during an earthquake event[66] [68] [69].

Through sophisticated analysis features such as nonlinear material behavior and contact modeling,
ABAQUS allows engineers to accurately predict the structural performance of the bridge under
seismic loading. This information is crucial for assessing the safety and reliability of the bridge
design, identifying potential areas of concern, and optimizing the structural configuration to enhance
its seismic resistance[79].

ABAQUS software serves as a valuable tool for engineers and researchers across various disciplines,
providing advanced capabilities for finite element analysis and simulation of complex engineering
problems. Its versatility and robustness make it indispensable for studying and optimizing the
behavior of structures, components, and materials in diverse applications[64] [65].

Holistic and Component-Based Modeling

Initially, the model encapsulates both the holistic structure of the violin and individual components
of the violin box, meticulously representing elements such as ribs, lining strips, and blocks. The
choice of wood types, notably spruce for the top plate and maple for the back plate, is made based
on their established mechanical properties, ensuring fidelity to real-world materials.

Geometric Profiles and Thickness Distributions

A key aspect of the modeling process involves delineating the geometric profiles and thickness
distributions of the violin plates, meticulously adhering to recommendations established by esteemed
luthier Hutchins[80]. Through finite-element analysis, the model elucidates eigenvalues and random
responses at discrete points across the plates, facilitating a granular examination of their vibrational
characteristics.

4.8.2 Impact of Component Vibrations

Investigations into the vibrational effects of components such as the bass bar have provided valuable
insights. The bass bar, a crucial structural element, significantly influences the vibrational modes
of the top plate. By analyzing the vibrational interactions between the bass bar and the top
plate, researchers can better understand how these components contribute to the overall acoustical
behavior of the violin.

4.8.3 Comparative Analysis of Free Plates and Assembled Structure

Comparative analyses of the vibrational patterns of the entire violin structure with those of the
free plates provide nuanced understandings of the instrument’s acoustical behavior and the efficacy
of plate tuning methodologies. This comparison helps to establish clear relationships between the
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vibrational behavior of individual plates and the assembled instrument, shedding light on the efforts
of luthiers to fine-tune the plates before final assembly [81].

Eigenvalues and Random Responses

Through finite-element analysis, the model elucidates eigenvalues and random responses at discrete
points across the plates, facilitating a granular examination of their vibrational characteristics. This
detailed analysis allows for the identification of specific vibrational modes and their contributions
to the overall sound production of the violin.

Material Properties and Mechanical Behavior

The choice of materials, specifically spruce and maple, is critical to the fidelity of the model. The
mechanical properties of these woods, such as elasticity, density, and anisotropy, are meticulously
incorporated into the model to ensure accurate simulations. By understanding the mechanical be-
havior of these materials, researchers can better predict the vibrational characteristics and acoustic
performance of the violin [82].

4.8.4 Future Directions in Violin Acoustics Research

The continued integration of advanced computational methods and experimental techniques holds
promise for further advancements in violin acoustics. Innovations in material science, such as the
use of composite materials, and advancements in computational power will enable more detailed and
accurate simulations. Additionally, the application of artificial intelligence and machine learning to
optimize design parameters could lead to groundbreaking improvements in instrument performance
and manufacturing processes.

The application of finite-element analysis in violin acoustics provides profound insights into the
relationship between design parameters and acoustic performance. This synergy between tradi-
tional craftsmanship and cutting-edge technology fosters a deeper understanding of the intricate
processes underlying the sound production of stringed instruments, paving the way for innovative
advancements in musical instrument design.

4.9 Carving Procedures and Vibrational Analysis of Violin Plates

For the back plates, a multi-step carving procedure is delineated to achieve the desired vibrational
modes and frequencies, encompassing distinctive torsional, bending, and annular patterns. Similarly,
the crafting of the top plate entails meticulous attention to harmonic relationships between its
eigenmodes, guided by the incorporation and shaping of the bass bar.

The resultant findings are presented through graphical representations elucidating vibrational pat-
terns and frequencies, demonstrating a commendable alignment with empirical observations. Fur-
thermore, an analysis of random responses provides nuanced insights into the implications of the
carving process and the integration of the bass bar on the vibrational behavior of the violin plates.
Finite-element modeling offers a comprehensive framework for dissecting the intricate acoustic nu-
ances of the violin, shedding light on the interplay between its structural configuration and vibra-
tional dynamics[83] [84].
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4.9.1 Modeling of the Assembled Violin Box

The numerical results obtained for the assembled violin box follow the meticulous tuning of the free
violin plates. The modeling process encompasses both the top and back plates in their finalized
carving stages, ensuring that their natural modes exhibit appropriate vibrational patterns and
frequencies.

Random responses for the complete violin body provide insights into its vibration asymmetry,
predominantly influenced by components such as the sound-post and bass bar. The discussion
underscores the role of these components in shaping the violin’s vibrational behavior and tonal
characteristics.

4.9.2 Insights from Finite-Element Analysis

The study yields significant insights into the tuning method of violin plates and the vibrational
behavior of the assembled violin box. The meticulous modeling of all components, coupled with
precise shape representation, facilitates accurate characterization of vibrational patterns, thereby
enhancing our understanding of the factors contributing to violin quality[85].

In conclusion, the exploration of string instruments through computational modeling, experimental
testing, and theoretical analysis has provided invaluable insights into their intricate vibrational be-
havior, acoustic characteristics, and performance capabilities. Through the application of advanced
techniques such as Finite Element Method (FEM), digital waveguides, and scanning laser-based
methods, researchers have been able to delve deep into the fundamental physics governing the
sound production and timbral nuances of stringed instruments.

The integration of numerical simulations with experimental modal testing has allowed for the val-
idation and refinement of computational models, enhancing our understanding of the dynamic
interactions between strings, body resonances, and player-instrument interfaces. Moreover, the de-
velopment of hybrid simulation and optimization methodologies has paved the way for the creation
of more accurate and realistic virtual representations of string instruments, facilitating their digital
reconstruction and preservation for future generations.[80] [86] [87]

As the future comes , the continued advancement of computational techniques, coupled with experi-
mental validation and interdisciplinary collaboration, holds tremendous promise for further unravel-
ing the mysteries of string instrument acoustics and performance. By combining the rich heritage of
traditional craftsmanship with cutting-edge technology, The strive towards the creation of musical
instruments that not only honor the past but also push the boundaries of artistic expression and
sonic exploration in the modern era.[88] [89]
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Chapter 5

Percussion Instruments

In the realm of sound simulation, string instruments and wind instruments exhibit notable sim-
ilarities in the principles and methodologies employed to capture their acoustic behaviors. Both
categories of instruments rely on detailed numerical techniques to model the complex interactions
between their physical structures and the surrounding air, ensuring accurate reproduction of sound
characteristics.

One key similarity is the utilization of the Finite Element Method (FEM) to analyze the vibrational
modes and acoustic properties of the instruments’ bodies. For string instruments, FEM is used to
model the resonant behavior of the soundboard and body, capturing the intricate interplay between
material properties and structural geometry. Similarly, in wind instruments, FEM is applied to
understand the resonance of the air column within the instrument and the interaction with its
physical structure, such as the body and reed.

Both types of instruments also benefit from Digital Waveguide models, which simulate the propa-
gation of sound waves through the instrument’s structure. In string instruments, digital waveguides
effectively model the vibration of strings and their interactions with the instrument’s body. For wind
instruments, digital waveguides simulate the airflow and pressure changes within the instrument,
capturing the nuances of sound production and modulation.

Furthermore, experimental modal testing plays a crucial role in both string and wind instrument
sound simulation. This involves identifying natural frequencies, mode shapes, and damping charac-
teristics through various excitation methods and measurement techniques. Whether it’s the vibra-
tional response of a violin’s body or the resonance patterns of a clarinet’s air column, modal testing
provides essential data to validate and refine numerical models.

Laser-based techniques, such as Doppler vibrometry and Electronic Speckle Pattern Interferome-
try (ESPI), are employed in both domains to measure surface vibrations and deformation patterns
with high precision. These non-contact methods offer detailed insights into the dynamic behav-
ior of the instruments, enabling accurate correlation between numerical simulations and physical
measurements.

In both string and wind instrument simulations, the integration of boundary element methods
(BEM) is also common. BEM focuses on solving boundary value problems by discretizing the
boundaries rather than the entire domain, which is particularly useful in modeling the acoustic
radiation and interaction with the surrounding air. This approach helps simulate how sound radiates
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from the instrument, providing a comprehensive understanding of its acoustic footprint.

The similarities in sound simulation techniques for string and wind instruments underscore the
shared complexities in modeling their acoustic behaviors. Both rely on advanced numerical methods,
precise experimental measurements, and comprehensive analysis to capture the intricate dynamics
of sound production, leading to enhanced understanding and optimization of their performance
characteristics.

In the context of sound simulation, string instruments and wind instruments exhibit fundamental
differences due to the distinct mechanisms underlying their sound production. These differences ne-
cessitate unique approaches in numerical modeling, experimental validation, and analysis techniques
for accurately capturing their acoustic behaviors.

One of the primary differences lies in the nature of the sound sources. String instruments produce
sound through the vibration of strings, which are excited either by plucking, bowing, or striking.
These vibrations are transmitted to the body of the instrument, where they are amplified and
radiated as sound. Consequently, sound simulation for string instruments heavily focuses on the
interaction between the strings and the instrument body. Numerical techniques such as the Finite
Element Method (FEM) are employed to model the vibrational behavior of both the strings and
the resonating body, capturing the intricate coupling between these components. Digital waveguide
models are also used to simulate the propagation of vibrations along the strings and their interaction
with the instrument’s structure.[28] [90]

In contrast, wind instruments generate sound through the excitation of an air column within the
instrument’s bore. This excitation is typically achieved by blowing air across a reed (as in clarinets
and saxophones) or through a mouthpiece (as in brass instruments). The sound is produced by the
oscillation of the air column, which is influenced by the shape and length of the instrument’s bore.
Therefore, sound simulation for wind instruments primarily focuses on the fluid dynamics of the
airflow and the resulting pressure variations within the instrument. Computational Fluid Dynamics
(CFD) and FEM are employed to model the airflow and pressure changes, capturing the resonance
characteristics of the air column and the influence of the instrument’s geometry.[91]

Another significant difference is the treatment of boundary conditions. For string instruments,
boundary conditions include the fixed or movable ends of the strings and the interaction points
with the bridge and soundboard. These conditions influence the vibrational modes and natural
frequencies of the strings, which are crucial for accurate sound simulation. In wind instruments,
boundary conditions are defined by the open or closed ends of the bore and the input from the
player’s mouth. These conditions affect the standing wave patterns and resonance frequencies of
the air column, requiring precise modeling to capture the instrument’s acoustic response.

Experimental validation techniques also differ between the two types of instruments. For string
instruments, methods such as Laser Doppler Vibrometry (LDV) and Electronic Speckle Pattern
Interferometry (ESPI) are used to measure the vibrational patterns of the strings and body with
high precision. These measurements are essential for validating numerical models and ensuring
accurate representation of the instrument’s behavior. In wind instruments, pressure transducers
and flow visualization techniques are used to capture the dynamics of the air column and the
pressure variations within the instrument. These data are crucial for validating CFD and FEM
models of the airflow and resonance characteristics[32] [26].

Furthermore, the role of material properties differs between string and wind instruments. In
string instruments, the choice of materials for the strings and the body (such as wood, metal,
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or synthetic materials) significantly affects the vibrational behavior and the resulting sound qual-
ity. Material properties such as elasticity, density, and damping are critical parameters in FEM
simulations[78][79]. In wind instruments, the material properties of the bore and the reed or mouth-
piece influence the acoustic impedance and the efficiency of sound production. These properties must
be accurately modeled to capture the instrument’s tonal characteristics and response.

While both string and wind instruments rely on advanced numerical methods and precise exper-
imental measurements for sound simulation, their distinct mechanisms of sound production and
interaction with the surrounding air necessitate different approaches. String instrument simulations
focus on the vibrational behavior of the strings and body, while wind instrument simulations em-
phasize the fluid dynamics of the airflow and pressure variations. Understanding these differences is
essential for developing accurate and effective sound simulation models for each type of instrument.

Percussion instruments, which include a diverse array of instruments such as drums, cymbals, xylo-
phones, and marimbas, play a pivotal role in both traditional and contemporary music ensembles.
These instruments are unique in their method of sound production, which involves striking, shaking,
or scraping to generate vibrations that propagate through their structures and radiate as sound.
The study of percussion instruments encompasses various aspects, from their historical and cultural
significance to the physical principles underlying their acoustic properties[60][62].

Percussion instruments are essential for rhythm, timbre, and dynamics in musical compositions.
They provide the foundational beat and contribute to the overall texture and color of the music. In
many cultures[50], percussion instruments are not only used for musical purposes but also in rituals
and ceremonies, highlighting their cultural and social importance.

Analyzing percussion instruments poses several challenges due to their complex vibrational behavior[49].
Unlike string or wind instruments, where the sound production mechanism is relatively well-defined,
percussion instruments often involve non-linear and transient vibrations. The materials used, rang-
ing from metals and woods to synthetic compounds, further complicate the analysis due to their
diverse acoustic properties[63][76].

Advancements in computational modeling and simulation have significantly enhanced our under-
standing of percussion instruments. Techniques such as Finite Element Method (FEM), Boundary
Element Method (BEM), and Digital Signal Processing (DSP) allow for detailed analysis of vibra-
tional modes, sound radiation patterns, and the impact of material properties on acoustic perfor-
mance. These simulations provide invaluable insights into the design and optimization of percussion
instruments, enabling manufacturers to improve sound quality and durability.

This chapter aims to provide a comprehensive review of the current state of research on percussion
instruments, with a particular focus on simulation techniques and their applications[77]. We will
explore various methods used to analyze and model the vibrational behavior of these instruments,
examine case studies involving different types of percussion instruments, and discuss the implications
of these findings for both instrument makers and musicians.

By the end of this chapter, readers will gain a thorough understanding of the complexities involved
in the analysis of percussion instruments and the cutting-edge techniques employed to unravel these
complexities. This knowledge is crucial for advancing the field of musical acoustics and enhancing
the design and performance of percussion instruments.
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5.1 Acoustic Properties of the Lounuet: A Traditional Friction In-
strument

In a study investigating the acoustic properties of the lounuet, a traditional friction instrument from
New Ireland, a microphone array was employed to capture its sound characteristics. The analysis
revealed that the lounuet produces sound effectively only when its chambers are meticulously con-
structed. This precise construction ensures that each plate resonates in harmony, contributing to
the overall tone of the instrument. Instruments designed for tourists, which often neglect this crit-
ical aspect, fail to produce sound adequately due to insufficient radiation. Hence, properly carved
chambers are essential for the lounuet to emit a loud and resonant tone[25].

The lounuet is categorized as a friction instrument, played by rubbing its surface with hands,
fingers, or various materials. According to the Hornbostel-Sachs classification, friction instruments
fall under the category of ‘Streich-Idiophone,[86]’ which includes instruments played by bowing or
rubbing. This class is further subdivided into rubbing bars, such as the nail violin, and rubbing
carillons, like the glass harmonica. The lounuet fits within this category due to its method of sound
production through friction, a nonlinear process similar to violin bowing [36].

5.2 The Lounuet: Acoustic and Cultural Significance

The lounuet analyzed in this research is a historical artifact housed at the Überseemuseum in
Bremen, Germany[86]. Likely acquired before 1914, this instrument has dimensions of 51.5 cm in
length, 19 cm in width, and 23.4 cm in height. It is meticulously crafted from a single block of
hardwood, employing traditional techniques and rituals that underscore its cultural importance.
Despite its intricate construction, the unique sound of the lounuet depends critically on the precise
interaction of its internal chambers[35] [2].

Fieldwork conducted in New Ireland during the late 1970s indicated that, although the tradition
of making these instruments continued, the detailed knowledge required to construct functional
lounuets had largely been lost. The lounuet exists in three sizes, each producing distinct sounds
intended to mimic natural bird and frog calls. The smallest size emits a rough, frog-like sound, the
medium size produces a higher-pitched, smoother tone, and the largest size, known as the lounuet,
generates a distinct pitched tone.

The resonance frequencies of the lounuet were meticulously measured, focusing on its three main
plates. When struck, these plates exhibit distinct resonance patterns that are essential for sound
production. The analysis revealed that the lowest frequency, around 500 Hz, indicated strong
coupling between the lowest and medium chambers, while the highest chamber was less involved in
this resonance. This coupling is critical for producing the instrument’s characteristic sound.

The microphone array used in the study allowed for a detailed analysis of the acoustic properties of
the lounuet. The results underscored the importance of precise chamber construction for effective
sound radiation. Instruments crafted without this attention to detail, often intended for tourists, fail
to produce the resonant tones characteristic of the traditional lounuet due to weak sound radiation
[92].

Furthermore, the lounuet is classified as a friction instrument, played by rubbing its surface with
hands, fingers, or various materials. According to the Hornbostel-Sachs classification system, friction
instruments fall under the category of ‘Streich-Idiophone,’ which includes instruments played by
bowing or rubbing. This class is further subdivided into rubbing bars, such as the nail violin, and
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rubbing carillons, like the glass harmonica. The lounuet fits within this category due to its method
of sound production through friction, a nonlinear process akin to violin bowing [93].

At a medium frequency of around 640 Hz, the lounuet exhibits a three-chamber coupling, with a
prominent anti-node located between the medium and lowest chambers. This phenomenon indicates
that the instrument’s acoustic properties rely on the interaction of all three chambers, although the
contribution of the highest chamber varies depending on the driving point [94].

For the highest frequency around 740 Hz, a similar anti-node/node/anti-node pattern is observed,
reaffirming the necessity of chamber interaction for effective sound production. The lounuet ’s loud-
ness and resonance are contingent upon the combined action of its resonance chambers, emphasiz-
ing the importance of precise construction for both understanding and preserving this traditional
instrument[95] [96].

5.2.1 Numerical Simulations and Finite Element Analysis

Numerical simulations based on Finite Element (FE) models have evolved significantly from the
1980s to the present, becoming invaluable tools for elucidating the fundamental physical processes
in stringed musical instruments. Most published research focuses on the vibrating behavior of the
soundboards of these instruments. While the modal frequencies of free top plates are not directly
related to the acoustic properties of the fully assembled instrument, they are crucial parameters that
significantly affect its final performance. Manufacturers often validate numerical results through
experimental modal measurements[97][98].

The violin is the most extensively studied bowed musical instrument. The physics of bowed strings,
combined with the violin’s complex geometry and material structure, present numerous research
challenges. A major difficulty in modeling arises from the need to accurately input numerous
material parameters into numerical models, including Young’s moduli[87], density[89], and shear
moduli[88].

5.2.2 Soundboard Behavior and Resonance

The behavior of the soundboard in an assembled musical instrument box is crucial for understanding
fluid-structure interaction and the resonance box’s interaction with the surrounding air. These inter-
actions play a significant role in the overall sound production and quality of the instrument[78][79].
Accurate numerical simulations that include these factors help improve our understanding of the
fundamental physical processes involved.

By integrating FE models with detailed experimental data, researchers can better understand the
intricate vibrational patterns and acoustic behaviors of musical instruments. This holistic approach
provides deeper insights into how soundboards and resonance chambers interact to produce the
desired sound characteristics. The precise construction and tuning of these components are essential
for achieving the optimal performance of traditional and modern musical instruments[99].

This study highlights the critical role of chamber interaction in the lounuet ’s sound production,
underlining the importance of meticulous construction. Moreover, advancements in numerical sim-
ulations and FE analysis continue to enhance our understanding of the complex vibrational dynamics
in stringed instruments, paving the way for improved design and preservation of these culturally
significant artifacts[100] [101].
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Chapter 6

Comparison

6.1 Modeling of Stringed Musical Instruments

The modeling of the entire body of a stringed musical instrument is a highly complex process that
demands significant computational resources. This complexity arises from the increased number of
modeled parts and the resulting uncertainties in the values of material properties. In particular,
Finite Element Method (FEM) studies of fluid–structure interactions involving the complete instru-
ment assembly have predominantly focused on the guitar over the past two decades. The guitar
presents a less complex mechanical system compared to the violin, facilitating such studies. More
recently, research has extended to lute-type stringed instruments such as the setar and the Sarasvati
veena.

Numerical studies investigating the interaction between the musical instrument box and the sur-
rounding air are relatively scarce in the literature, primarily due to the substantial computational
demands. These numerical results are typically validated by measuring the radiated sound pres-
sure. Conducting a combined FEM and Boundary Element Method (BEM) study on the sound
radiated from a soundboard is an exceedingly time-consuming task, with the difficulties escalating
when modeling the entire assembly and fluid–structure interactions. Consequently, a detailed 3D
FEM model encompassing all parts of the instrument’s geometry, the resonance box, and the air
enclosure, surrounded by air and capable of computing fluid–structure interactions, has not yet been
developed. Achieving such a highly accurate and precise model remains a future goal.

The integration of simulations and experimental measurements is essential for thoroughly investi-
gating the intricate physical processes involved in sound production in stringed musical instruments.
This synergy is crucial for obtaining accurate results and achieving a comprehensive understanding
of these processes.

A comprehensive approach to reconstructing an ancient Greek tortoise lyre merges digital design
processes with traditional materials. This interdisciplinary method begins with an in-depth exami-
nation of ancient Greek literature and visual representations found on black-figure amphorae. These
historical sources provide essential insights into the design and construction of the lyre.

Researchers utilized 3D scanning and reverse engineering techniques to create precise digital models
of the instrument using advanced Computer-Aided Design (CAD) software. This process involves
several technical steps:
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1. Historical Analysis: Detailed examination of ancient texts and visual artifacts to under-
stand the original design and materials used in lyre construction.

2. 3D Scanning: High-resolution 3D scanning of existing lyre fragments or related artifacts to
capture their precise geometrical features.

3. Reverse Engineering: Utilizing 3D scanning data to develop accurate digital models, in-
corporating traditional construction methods and materials.

4. CAD Modeling: Using advanced CAD software to refine the digital models, ensuring they
align with historical data and physical constraints of the original instrument.

This digital reconstruction not only preserves the cultural heritage of the ancient Greek lyre but
also provides valuable insights into its acoustical properties. By combining traditional craftsmanship
with modern technology, this interdisciplinary approach represents a significant advancement in the
study and preservation of historical musical instruments.

The advancement of FEM and BEM in modeling the vibrational and acoustic behavior of stringed
instruments, combined with historical reconstruction techniques, offers a comprehensive framework
for understanding and preserving both modern and ancient musical instruments. These method-
ologies highlight the importance of precise construction, accurate material properties, and detailed
geometric modeling in achieving authentic sound production and preserving musical heritage.

The digital design process involved scanning a tortoiseshell with a laser scanner to capture its exact
dimensions. This data, combined with historical details, allowed for the creation of accurate digital
models. The final production drawings, generated through parametric CAD software, guided the
construction of two variations of the lyre. These prototypes were crafted using materials authentic
to antiquity, such as specific types of wood, tortoise shells, and sheep gut strings, while leveraging
modern carpentry techniques for enhanced precision and quality.

To evaluate the musical quality of the reconstructed lyres, the instruments were tested in an ane-
choic chamber using the Phrygian and Lydian scales, which are significant in ancient Greek music.
The sound properties were analyzed by computing typical frequency domain statistics, including
spectral centroid, spectral standard deviation, spectral skewness, spectral kurtosis, spectral rolloff,
and spectral smoothness. These metrics helped validate the lyres’ quality as musical instruments.

The result of this meticulous process was a high-quality prototype that not only adheres to historical
accuracy but also meets modern standards for musical performance. The potential of combining tra-
ditional craftsmanship with cutting-edge technology to recreate ancient instruments, This method
ensures that the instruments are not only authentic in appearance but also functional and capable
of producing high-quality sound. By producing these lyres in a repeatable manner, New possibil-
ities are open for historical musical instrument reconstruction, offering valuable insights for both
historians and musicians.

Researchers began the reconstruction process by creating an initial sketch of the instrument, iden-
tifying nine distinct components. These components include the soundbox, typically crafted from
a tortoiseshell, which has been discovered at numerous archaeological sites in Greece and beyond.
The arms and the crossbar were made from wood, with the crossbar connecting the two arms.
Tuning bulges, mentioned in Homeric texts, were constructed from leather strips wound around the
crossbar to secure the strings. The strings themselves were made from sheep gut, as described in the
’Hymn to Hermes’. The bridge, a wooden piece essential for transmitting string vibrations to the
soundbox, was crucial although none have survived. The tailpiece, found in surviving fragments,

84



CHAPTER 6. COMPARISON 6.2. DIGITAL DESIGN PROCESS

was a short metal piece that secured the strings at the bottom of the soundbox. The hand-strap
was a leather strip used for holding the lyre, and the plectrum was a flat piece made of bone or
wood used to play the instrument.

For the digital reconstruction, 3D laser scanning was utilized due to the complex, organic shapes
of tortoiseshells, which varied significantly in size and form. This advanced scanning technology
allowed for the precise capture of these irregular shapes, essential for creating accurate digital
models of the lyre components. The digital design process involved meticulous adjustments and
analysis, leading to the creation of detailed production drawings. These digital models facilitated the
construction of modern replicas using traditional materials and methods, enhanced by contemporary
technology to ensure precision and quality.

The approach to sound simulation involved testing the reconstructed lyres in an anechoic chamber,
using ancient Greek musical scales such as the Phrygian and Lydian. The sound properties of the
lyres were analyzed using various frequency domain statistics:

• Spectral Centroid: Indicates the center of mass of the spectrum, providing an insight into
the brightness of the sound.

• Spectral Standard Deviation: Measures the spread of the spectrum, indicating the vari-
ance in frequencies.

• Spectral Skewness: Assesses the asymmetry of the spectral shape, which affects the per-
ceived timbre.

• Spectral Kurtosis: Evaluates the peakedness of the spectrum, influencing the sharpness of
the sound.

• Spectral Rolloff: Determines the frequency below which a certain percentage of the total
spectral energy is contained, affecting the perception of the sound’s edge.

• Spectral Smoothness: Analyzes the continuity of the spectral shape, impacting the sound’s
fluidity.

These analyses provided a quantitative assessment of the lyres’ sound quality, ensuring that the
replicas were not only visually accurate but also functionally sound as musical instruments.

This method demonstrates the potential of combining historical research with modern technology
to revive ancient musical instruments, providing valuable insights and tools for both historians and
musicians. The text details the meticulous process of digitizing and reconstructing an ancient Greek
lyre, focusing on the creation of a highly accurate 3D model of a tortoiseshell, which was integral
to the lyre’s design. The tortoiseshell was selected from Northern Greece and scanned using a
Next Engine 3D laser scanner, capable of high precision and detailed image capture. The scanning
involved multiple orientations to prevent self-occlusion and generated numerous point clouds that
were processed to produce a clean and accurate digital model. The point clouds were aligned,
trimmed, and merged using ScanStudio HD Pro software, ensuring the final mesh was accurate and
detailed.

6.2 Digital Design Process of the Ancient Greek Lyre

Following the 3D scanning of the tortoiseshell, the data was further processed using SolidWorks, a
parametric CAD (Computer-Aided Design) software, to create a complete digital representation of
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the tortoiseshell. This digital model served as the foundational basis for the lyre’s design.

6.2.1 Parametric CAD Modeling

Parametric CAD modeling involves creating a digital model where dimensions and shapes are de-
fined by parameters that can be adjusted. This allows for high flexibility and precision in the design
process. For instance, if the tortoiseshell dimensions need slight adjustments to fit historical speci-
fications or material constraints, these changes can be easily made in the parametric model without
having to redesign the entire lyre from scratch.

SolidWorks, a leading parametric CAD software, was employed for this purpose due to its robust
capabilities in handling complex geometries and providing detailed design documentation. The
process involved several key steps:

1. Importing 3D Scan Data: The raw 3D scan data of the tortoiseshell was imported into
SolidWorks. This scan captured the precise dimensions and surface details of the tortoiseshell,
forming the initial digital representation.

2. Cleaning and Refining the Model: The imported scan data often contains noise and
irregularities. These were cleaned up using SolidWorks tools to ensure a smooth and accurate
surface representation.

3. Defining Parametric Features: Key features of the tortoiseshell, such as its curvature
and thickness, were defined as parametric elements. This allowed for precise control over the
shell’s dimensions and shape, enabling easy adjustments if needed.

4. Creating Additional Components: Other components of the lyre, such as the arms,
crossbar, bridge, and tuning bulges, were also modeled in SolidWorks. These components
were designed to fit seamlessly with the tortoiseshell, adhering to historical accuracy and
functional requirements.

5. Assembly and Final Adjustments: The individual components were assembled in the
digital model, ensuring that they fit together perfectly. Any necessary adjustments were
made at this stage to ensure the overall integrity and functionality of the lyre.

6.2.2 Example of Parametric CAD Application

To illustrate the effectiveness of this design approach, consider the creation of the lyre’s crossbar.
The crossbar must connect the two arms of the lyre and support the tuning bulges and strings.
Using parametric CAD modeling in SolidWorks, the following process was followed:

• Initial Design: A basic cylindrical shape was created for the crossbar. Its length and
diameter were defined as parameters based on historical references.

• Integration with Arms: The crossbar’s ends were designed to fit into sockets on the arms.
The dimensions of these sockets were also parameterized to ensure a perfect fit.

• Tuning Bulges: Locations for the tuning bulges were marked along the crossbar. The
positions and sizes of these bulges were defined by parameters, allowing for easy adjustments
to achieve the desired tuning accuracy.

• Validation: The crossbar was assembled with the arms in the digital model, and adjustments
were made to ensure that the entire assembly was structurally sound and historically accurate.
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By using parametric CAD software like SolidWorks, the design of the ancient Greek lyre could
be accurately recreated, providing a digital blueprint that guides the physical reconstruction with
a high degree of precision and flexibility. This approach ensures that the final instrument not
only adheres to historical specifications but also meets modern standards of craftsmanship and
functionality. The lyre’s arms, crossbar, bridge, and tailpiece were designed digitally, incorporating
modern modifications such as drilled holes for tuning keys, which were adapted from violin designs.
These components were then assembled digitally to form a complete lyre model, rendered with
realistic appearances to visualize the final product.

The actual fabrication of the lyre involved selecting materials similar to those used in ancient times
to maintain historical accuracy while enhancing the instrument’s musical quality. The soundbox
was made from a tortoiseshell, cowhide leather was used for the top, and maple wood was chosen
for the arms, crossbar, and bridge due to its desirable acoustic properties. Ebony was used for the
tuning keys and tailpiece for durability, and sheep gut strings were used for their superior tone,
replicating ancient practices.

The fabrication process began by preparing the tortoiseshell with epoxy to improve its acoustic
properties, followed by precise cutting and assembly of the wooden parts. The cowhide leather was
carefully stretched and secured to the soundbox, and the arms were fixed inside the shell. The
instrument was then painted, polished, and assembled with all components, including secondary
parts like the hand-strap and plectrum.

For sound simulation, the reconstructed lyre was analyzed in an anechoic chamber using ancient
Greek musical scales. Various frequency domain statistics were measured to assess the instrument’s
sound properties, ensuring the digital and physical models not only replicated the ancient lyre’s
appearance but also its acoustic characteristics. This comprehensive approach combined historical
research with advanced technology to revive the ancient lyre, offering valuable insights into its
design and functionality.

The meticulous process of testing the musical quality of two reconstructed ancient Greek lyres, the
Chelys and the Barbiton, involved tuning these instruments to the Phrygian and Lydian scales,
respectively. Their sounds were recorded in an anechoic chamber using precise audio equipment,
including a PHONIC PAA3 audio analyzer, a Behringer ECM8000 microphone, and a Zoom H4
stereo recorder. Stereo audio files were produced, segmented into individual notes, and analyzed
using Sonic Visualiser software, MATLAB with MIRtoolbox, and Adobe Audition for normalization.

The analysis focused on various audio properties such as spectral centroid, standard deviation,
skewness, kurtosis, rolloff, and smoothness, as well as spectral brightness across different frequency
thresholds and Mel-Frequency Cepstral Coefficients (MFCCs) for perceptual auditory analysis. The
results revealed that the two lyres exhibited good similarity in their spectral content, especially in
the spectral centroid and standard deviation, with minor differences in skewness and kurtosis. The
spectral brightness analysis indicated some differentiation at low frequencies but similar responses
at higher frequencies. Perceptual resemblance was high across most MFCCs, with minor differences
in a few cepstral bands.

Blind listening tests with experienced musicians confirmed that the differences between the lyres
were subtle, even after the listeners were informed about the use of two different instruments. The
study concludes that the reconstructed lyres produce very similar audio recordings, validating the
fidelity of the reconstruction process. This research opens avenues for further scientific experiments
to optimize the construction and materials of the lyres and suggests potential for creating virtual
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Figure 6.1: a) The front and (b) the rear view of the digital 3D model of the new music
instrument having a wooden realistic appearance[102]

simulations of ancient Greek theaters using anechoic recordings, enhancing historical and cultural
experiences. [103]
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Chapter 7

Conclusion

The study of sound simulation in musical instruments has evolved significantly with advancements
in technology, enabling researchers to delve deeply into the acoustic behaviors of various instru-
ment families, including wind instruments, string instruments, and percussion instruments. This
thesis explored the intricate processes involved in simulating sound for ancient and modern musical
instruments, employing state-of-the-art numerical methods, experimental techniques, and digital
tools.[104]

The integration of virtual reality (VR) has opened new avenues in sound simulation, providing
immersive environments for analyzing and experiencing acoustic phenomena. VR allows researchers
to visualize sound fields, interact with simulated instruments, and understand complex acoustical
interactions in real-time. This technology bridges the gap between theoretical models and perceptual
experience, enhancing our understanding of musical acoustics.[105] [106]

Wind instruments, characterized by the excitation of an air column within their bore, require
specialized approaches for sound simulation. The Computational Fluid Dynamics (CFD) and Finite
Element Method (FEM) are pivotal in modeling the airflow and pressure variations that govern
the resonance characteristics of these instruments. By simulating the interactions between the
player’s breath, the mouthpiece, and the instrument’s body, researchers can accurately reproduce
the acoustic properties of ancient wind instruments, preserving their historical significance and
informing modern designs.[107] [108]

String instruments produce sound through the vibration of strings, which are coupled with the
resonating body of the instrument. The FEM and Digital Waveguide Models (DWMs) are essential
for simulating the vibrational behavior of both the strings and the instrument body. This the-
sis detailed the process of using FEM to analyze the impulse response of the instrument’s body,
considering its geometric and material properties. Experimental techniques such as Laser Doppler
Vibrometry (LDV) and Electronic Speckle Pattern Interferometry (ESPI) validate these models,
ensuring the fidelity of the simulations.[109]

Differences and Similarities Between String and Wind Instruments, The primary difference between
string and wind instruments in sound simulation lies in the nature of their sound sources and bound-
ary conditions. String instruments focus on the vibrational modes of strings and their interaction
with the body, while wind instruments emphasize the fluid dynamics of airflow and pressure varia-
tions within the bore. Despite these differences, both types of instruments benefit from advanced
numerical methods and experimental validations to capture their acoustic behaviors accurately.[110]
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[111]

Although not extensively covered in this thesis, percussion instruments also play a crucial role in
the realm of musical acoustics. The sound production in percussion instruments involves striking
a surface, which generates complex vibrational patterns. Techniques such as FEM and modal
analysis are employed to study the vibrational modes and resonant frequencies of these instruments,
contributing to the broader understanding of musical sound production.[112]

Through this comprehensive exploration, the importance of integrating numerical simulations have
learned, experimental validations, and digital technologies to study the acoustic properties of musical
instruments. These methodologies not only preserve the cultural heritage of ancient music but also
pave the way for innovations in instrument design and acoustic research.

Looking forward, the future of musical acoustics promises exciting advancements. Enhanced com-
putational power, coupled with machine learning algorithms, will enable more sophisticated simu-
lations and analyses. The synergy between virtual reality and acoustic modeling will continue to
evolve, offering deeper insights and more immersive experiences. Furthermore, interdisciplinary col-
laborations will drive the development of novel instruments and acoustic solutions, enriching both
historical research and contemporary music.

In conclusion, the field of sound simulation in musical instruments is a dynamic and evolving
discipline. By harnessing the power of advanced numerical methods, experimental techniques, and
digital technologies, researchers can unlock the secrets of ancient instruments and innovate for the
future. This thesis has provided a comprehensive overview of the approaches and methodologies
involved, highlighting the similarities and differences between string and wind instruments and
offering a glimpse into the potential advancements that lie ahead.
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Kouroupetroglou, Stelios Psaroudakēs, and Anastasia Georgaki. Physical modeling of the
ancient greek wind musical instrument aulos: A double-reed exciter linked to an acoustic
resonator. ieee Access, 9:98150–98160, 2021. 36

[39] John S Morrison. Pythagoras of samos. The Classical Quarterly, 6(3-4):135–156, 1956. 36

[40] Chandrasekhara Venkata Raman. The indian musical drums. In Proceedings of the Indian
academy of sciences-section A, volume 1, pages 179–188. Springer, 1934. 36

[41] James L Flanagan and James L Flanagan. Speech synthesis. Speech Analysis Synthesis and
Perception, pages 204–276, 1972. 37



BIBLIOGRAPHY

[42] Michael Vorländer. Auralization. Springer, 2020. 37

[43] Jin Yong Jeon, Pyoung Jik Lee, Joo Young Hong, and Densil Cabrera. Non-auditory factors
affecting urban soundscape evaluation. The Journal of the Acoustical Society of America,
130(6):3761–3770, 2011. 38

[44] Luwei Yang. Computational modelling and analysis of vibrato and portamento in expressive
music performance. PhD thesis, Queen Mary University of London, 2017. 39

[45] Scott H Hawley, Vasileios Chatziiannou, and Andrew Morrison. Synthesis of musical instru-
ment sounds: Physics-based modeling or machine learning. Phys. Today, 16(1):20–28, 2020.
40

[46] Antonio Roda, Giovanni De Poli, Sergio CANAZZA TARGON, Sun Zezhou, Whiting Emily,
et al. 3d virtual reconstruction and sound simulation of old musical instruments. Archeologia
e Calcolatori, 32(1):359–374, 2021. 47, 49, 50,

[47] Dongxu Zhang, Mei Zhang, Daping Liu, and Jian Kang. Soundscape evaluation in han chinese
buddhist temples. Applied Acoustics, 111:188–197, 2016. 48

[48] Zerhan Yüksel and Sevda Erdogan. Virtual conservation of acoustical heritage: Cahrisma and
erato projects. In Forum Acusticum, 2005. 48

[49] YJ Liu, Subrata Mukherjee, Naoshi Nishimura, Martin Schanz, Wenjing Ye, Alok Sutrad-
har, Ernie Pan, Ney Augusto Dumont, Attilio Frangi, and Andres Saez. Recent advances
and emerging applications of the boundary element method. Applied Mechanics Reviews,
64(3):030802, 2011. 51, 58, 79

[50] F Garcia-Sanchez, R Rojas-Diaz, A Sáez, and Ch Zhang. Fracture of magnetoelectroelastic
composite materials using boundary element method (bem). Theoretical and Applied Fracture
Mechanics, 47(3):192–204, 2007. 51, 58, 79

[51] Federico Avanzini, Sergio CANAZZA TARGON, Giovanni De Poli, Carlo Fantozzi, Niccolo’
Pretto, Antonio Roda, Ivana Angelini, Cinzia Bettineschi, Giulia Deotto, Emanuela Faresin,
et al. Archaeology and virtual acoustics. a pan flute from ancient egypt. In Proc. of the 12th
Int. Conference on Sound and Music Computing, pages 31–36, 2015. 52

[52] James R Nagel et al. Solving the generalized poisson equation using the finite-difference
method (fdm). Lecture Notes, Dept. of Electrical and Computer Engineering, University of
Utah, 2011. 52

[53] Michèle Castellengo. Acoustical analysis of initial transients in flute like instruments. Acta
Acustica united with Acustica, 85(3):387–400, 1999. 54

[54] Brian FG Katz, Damian Murphy, and Angelo Farina. The past has ears (phe): Xr explorations
of acoustic spaces as cultural heritage. In International Conference on Augmented Reality,
Virtual Reality and Computer Graphics, pages 91–98. Springer, 2020. 55

[55] José Luis Ros Andreu. L’efimer en la formación del barroc valencia 1586-1632. PhD thesis,
Universitat Politècnica de València, 1981. 55

[56] Jean Mouyen. El" corral de la olivera" de valencia en 1678 y 1682: tentativa de definición
sociológica de su público. In Homenatge al doctor Sebastià Garcia Martínez, pages 85–112.
Conselleria de Cultura, Educació i Ciència, 1988. 56



BIBLIOGRAPHY

[57] J Mouyen. Comedias y comediantes. Estudios sobre el teatro clásico español, Valencia, Uni-
versitat de València (Dpto. Filología Española), 1991. 56

[58] Clara Monzó Ribes and Félix Blanco Campos. La fantasma de valencia y las comedias de
fiestas del jardín de alonso de castillo solórzano: hipótesis de datación y circunstancias de
representación. Neophilologus, 106(3):419–432, 2022. 56

[59] Joan Oleza Simó. La casa de comedias de la olivera. reconstrucción virtual de un teatro
distinto. In Teatro, personaje y discurso en el siglo de oro, page 2. Universidad Iberoamericana
Ciudad de México, 2020. 57

[60] Chao Liu and Robert G Kelly. A review of the application of finite element method (fem) to
localized corrosion modeling. Corrosion, 75(11):1285–1299, 2019. 57, 79

[61] A Boccaccio, Andrea Ballini, C Pappalettere, D Tullo, S Cantore, and Apollonia Desiate.
Finite element method (fem), mechanobiology and biomimetic scaffolds in bone tissue engi-
neering. International journal of biological sciences, 7(1):112, 2011. 58

[62] Yasuhisa Okumoto, Yu Takeda, Masaki Mano, and Tetsuo Okada. Finite Element Method,
pages 125–140. Springer Berlin Heidelberg, Berlin, Heidelberg, 2009. 58, 70, 79

[63] Craig T Bishop and Mark A Donelan. Measuring waves with pressure transducers. Coastal
Engineering, 11(4):309–328, 1987. 60, 79

[64] Warren D Anderson. Ethos and education in Greek music: The evidence of poetry and philos-
ophy. Harvard University Press, 1966. 60, 73

[65] Katsunari Okamoto. Fundamentals of optical waveguides. Elsevier, 2021. 60, 73

[66] H Kogelnik. Theory of optical waveguides. In Guided-wave optoelectronics, pages 7–88.
Springer, 1990. 61, 73

[67] Jaume Segura-Garcia, Mario Montagud-Climent, Sebastià Mirasol-Menacho, and Joan Oleza-
Simó. Theatrical virtual acoustic rendering with head movement interaction. AI EDAM,
33(3):359–368, 2019. 61

[68] George Gazetas. Vibrational characteristics of soil deposits with variable wave velocity. In-
ternational journal for numerical and analytical methods in Geomechanics, 6(1):1–20, 1982.
61, 73

[69] Melissa K Stern and James H Johnson. Just noticeable difference. The Corsini Encyclopedia
of Psychology, pages 1–2, 2010. 63, 73

[70] Samir I. Sayegh. Fingering for String Instruments with the Optimum Path Paradigm. In
Music and Connectionism. The MIT Press, 10 1991. 63, 72

[71] Spyros Polychronopoulos, Konstantinos Bakogiannis, Dimitra Marini, and Georgios Th
Kouroupetroglou. Optimization method on the tuning, sound quality, and ergonomics of
the ancient guitar using a dsp-fem simulation. IEEE Access, 10:133574–133583, 2022. 63

[72] Paolo Castellini, Gian Marco Revel, and Enrico Primo Tomasini. Laser doppler vibrometry.
In An Introduction to Optoelectronic Sensors, pages 216–229. World Scientific, 2009. 68, 72



BIBLIOGRAPHY

[73] Paolo Castellini, Milena Martarelli, and Enrico Primo Tomasini. Laser doppler vibrometry:
Development of advanced solutions answering to technology’s needs. Mechanical systems and
signal processing, 20(6):1265–1285, 2006. 68, 72

[74] E ISO. 3382-1, 2009,“acoustics—measurement of room acoustic parameters—part 1: Per-
formance spaces,”. International Organization for Standardization, Brussels, Belgium, 2009.
69

[75] Efthimios Bakarezos, Yannis Orphanos, Evaggelos Kaselouris, Vasilios Dimitriou, Michael
Tatarakis, and Nektarios A Papadogiannis. Laser-based interferometric techniques for the
study of musical instruments. Computational Phonogram Archiving, pages 251–268, 2019. 70

[76] Oliver E Rodgers. Influence of local thickness changes on violin top plate frequencies. Catgut
Acoustical Society Journal, 1(7):6–10, 1991. 71, 79

[77] Brianna Richardson and Bryan Smith. Communication in occupational therapy during diag-
nosis & treatment using the case study of an injured violinist, 2009. 71, 79

[78] G Abaqus. Abaqus 6.11. Dassault Systemes Simulia Corporation, Providence, RI, USA, 3,
2011. 73, 79, 81

[79] Amar Khennane. Introduction to finite element analysis using MATLAB® and abaqus. CRC
Press, 2013. 73, 79, 81

[80] Quincy Whitney. American Luthier: Carleen Hutchins-the Art and Science of the Violin.
University Press of New England, 2016. 73, 75

[81] Albrecht Schneider. Systematic musicology: a historical interdisciplinary perspective. Springer
Handbook of Systematic Musicology, pages 1–24, 2018. 74

[82] Albrecht Schneider. Comparative and systematic musicology in relation to ethnomusicology:
a historical and methodological survey. Ethnomusicology, 50(2):236–258, 2006. 74

[83] Jaroslaw Rubacha, Roman Kinasz, Tadeusz Kamisinski, Wojciech Binek, Katarzyna Baruch,
Bartłomiej Chojnacki, Adam Pilch, and Mykhaylo Melnyk. Analysis of the acoustic pa-
rameters of the maria zankovetska theatre in the lviv before and after modernisation of the
audience. In IOP Conference Series: Materials Science and Engineering, volume 471, page
082035. IOP Publishing, 2019. 74

[84] Curt Sachs. The history of musical instruments. Courier Corporation, 2012. 74

[85] Jose Bretos, C Santamarıa, and J Alonso Moral. Vibrational patterns and frequency responses
of the free plates and box of a violin obtained by finite element analysis. The Journal of the
Acoustical Society of America, 105(3):1942–1950, 1999. 75

[86] Rolf Bader. Outside-instrument coupling of resonance chambers in the new-ireland friction
instrument lounuet. In Proceedings of Meetings on Acoustics, volume 15. AIP Publishing,
2012. 75, 80

[87] Masahiro Matsunaga, Masaki Sugiyama, Kazuya Minato, and Misato Norimoto. Physical and
mechanical properties required for violin bow materials. Holzforschung, 50(6):511–517, 1996.
75, 81



BIBLIOGRAPHY

[88] Sarah Louise Lämmlein, Bart Van Damme, David Mannes, Francis Willis Matthew Robert
Schwarze, and Ingo Burgert. Violin varnish induced changes in the vibro-mechanical properties
of spruce and maple wood. Holzforschung, 74(8):765–776, 2020. 75, 81

[89] Jerry L Hintze and Ray D Nelson. Violin plots: a box plot-density trace synergism. The
American Statistician, 52(2):181–184, 1998. 75, 81

[90] Manish Manohare, Alpana Dongre, and Amit Wahurwagh. Acoustic characterization of the
buddhist temple of deekshabhoomi in nagpur, india. Building Acoustics, 24(3):193–215, 2017.
78

[91] Sebastián Mirasol-Menacho, Ana Planells-Pérez, Jaume Segura-Garcia, Santiago Felici-
Castell, Máximo Cobos-Serrano, Rosa Cibrián, Alicia Giménez-Pérez, and Joan Oleza-Simó.
Virtual acoustic rendering in old spaces: Application to an early-modern theatre in valèn-
cia,“l’olivera”. In Augmented Reality, Virtual Reality, and Computer Graphics: 5th Interna-
tional Conference, AVR 2018, Otranto, Italy, June 24–27, 2018, Proceedings, Part II 5, pages
261–274. Springer, 2018. 78

[92] Kian Lam Tan and Chen Kim Lim. Development of traditional musical instruments using
augmented reality (ar) through mobile learning. In AIP Conference Proceedings, volume 2016.
AIP Publishing, 2018. 80

[93] Bahi Takkouche and Guy Norman. Prisma statement. Epidemiology, 22(1):128, 2011. 81

[94] Rafael Suárez, Alicia Alonso, and Juan J Sendra. Archaeoacoustics of intangible cultural
heritage: The sound of the maior ecclesia of cluny. Journal of cultural heritage, 19:567–572,
2016. 81

[95] Yoshiharu Soeta, Ken Ito, Ryota Shimokura, Shin-ichi Sato, Tomohiro Ohsawa, and Yoichi
Ando. Effects of sound source location and direction on acoustic parameters in japanese
churches. The Journal of the Acoustical Society of America, 131(2):1206–1220, 2012. 81

[96] Yoshiharu Soeta, Ryota Shimokura, Yong Hee Kim, Tomohiro Ohsawa, and Ken Ito. Mea-
surement of acoustic characteristics of japanese buddhist temples in relation to sound source
location and direction. The Journal of the Acoustical Society of America, 133(5):2699–2710,
2013. 81

[97] Antonio Pedrero, Rogelio Ruiz, Alexander Díaz-Chyla, and César Díaz. Acoustical study of
toledo cathedral according to its liturgical uses. Applied Acoustics, 85:23–33, 2014. 81

[98] William Renel. Sonic accessibility: Increasing social equity through the inclusive design of
sound in museums and heritage sites. Curator: The Museum Journal, 62(3):377–402, 2019.
81

[99] DJ Oldham and A Elkhateeb. The architectural development of the historic masjids in cairo
and its acoustical impact. Building Acoustics, 15(3):197–229, 2008. 81

[100] Ahmed Ali El-Khateeb and Mostafa Refat Ismail. Sounds from the past the acoustics of sultan
hassan mosque and madrasa. Building Acoustics, 14(2):109–132, 2007. 81

[101] Luigi Elicio and Francesco Martellotta. Acoustics as a cultural heritage: The case of orthodox
churches and of the “russian church” in bari. Journal of Cultural Heritage, 16(6):912–917,
2015. 81



BIBLIOGRAPHY

[102] Matthew J Page, Joanne E McKenzie, Patrick M Bossuyt, Isabelle Boutron, Tammy C Hoff-
mann, Cynthia D Mulrow, Larissa Shamseer, Jennifer M Tetzlaff, Elie A Akl, Sue E Brennan,
et al. The prisma 2020 statement: an updated guideline for reporting systematic reviews.
Bmj, 372, 2021. 88,

[103] N Koumartzis, D Tzetzis, P Kyratsis, and RG Kotsakis. A new music instrument from ancient
times: modern reconstruction of the greek lyre of hermes using 3d laser scanning, advanced
computer aided design and audio analysis. Journal of New Music Research, 44(4):324–346,
2015. 88

[104] Gustavo Navas-Reascos, Luz M Alonso-Valerdi, and David I Ibarra-Zarate. Archaeoacoustics
around the world: a literature review (2016–2022). Applied Sciences, 13(4):2361, 2023. 89

[105] Aglaia Foteinou and Damian T Murphy. Perceptual validation in the acoustic modeling
and auralisation of heritage sites: The acoustic measurement and modelling of st margaret’s
church, york, uk’. In Proceedings of the Conference on the Acoustics of Ancient Theatres,
pages 18–21, 2011. 89

[106] Simon Godsill. Computational modeling of musical signals. CHANCE, 17(4):23–29, 2004. 89

[107] Ambrose Field. Hearing the past in the present: An augmented reality approach to site
reconstruction through architecturally informed new music. In Music and Heritage, pages
212–221. Routledge, 2021. 89

[108] Neville H Fletcher and Thomas D Rossing. The physics of musical instruments. Springer
Science & Business Media, 2012. 89

[109] Phakamas Jirajarupat and Zhang Yinghua. The transmission of guqin musical instrument
knowledge literacy and its reflection study in guizhou province, china. International Journal
of Education and Literacy Studies, 11(2):22–29, 2023. 89

[110] R. Jones and C. Wykes. Holographic and Speckle Interferometry. Cambridge Studies in Modern
Optics. Cambridge University Press, 1989. 89

[111] Pamela Jordan. Historic approaches to sonic encounter at the berlin wall memorial. In
Acoustics, volume 1, pages 517–537. MDPI, 2019. 90

[112] Jiang Liu, Ling Yang, Yichao Xiong, and Yanqun Yang. Effects of soundscape perception on
visiting experience in a renovated historical block. Building and Environment, 165:106375,
2019. 90


