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ABSTRACT The key parameters musicians consider when they evaluate the quality of a musical instrument
are its tuning (reproducing a musical scale), sound quality, and ergonomics. Musical instrument makers, even
up to this day, primarily base their practice on empirical knowledge and costly physical experimentation.
A computational model that combines all the aforementioned key parameters is presented to predict the
building details of an instrument. The simulation of the instrument is introduced to a multi-objective
optimizer to calculate its optimal set of geometrical and material features, considering the importance of
the three key parameters. For a string musical instrument this approach is based on a hybrid model of Digital
Signal Processing simulating the vibrating string and of Finite Elements Method simulating the effect of the
body. The simulation technique has been validated by building an ancient guitar and comparing its recordings
with its analogous digital model. The proposed method can be put into practice to investigate the building
details of any instrument by introducing the relevant simulation and the objective’s function parameters.
This work is expected to provide a powerful tool for the musical instrument makers towards a more efficient
design of a bespoke instrument.

INDEX TERMS Ancient guitar, digital signal processing, finite elements method, musical acoustics,
optimization, simulation.

I. INTRODUCTION
Musical instruments have always been an essential element
of every human civilization. Hence, they always attract the
interest of scientists in various fields. The most popular
studies focus on the physics governing their sound produc-
tion mechanism [1] the musicians’ impact on the generated
sound [2] and their interaction with the instrument [3], the
enrichment of cultural exhibits [4], and the digital simu-
lation of existing [1] or conceptual ones [5]. The musical
instruments’ accurate simulation, even up to this day, is not
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trivial. Firstly, because of the complicated physical phenom-
ena governing the sound generation and, as a result, sec-
ondly, because of the computationally expensive algorithms
required for their description. Early attempts at the beginning
of the 1990s opened the field productively for discussion
[6]. Nevertheless, the models could not accurately reproduce
the sound of the physical instrument. Over the past decades,
a better understanding of their mechanisms, as well as the
development of computational power, brought about more
promising techniques based on Digital Signal Processing
(DSP), Finite Differences Methods (FDM) [7], [8], [9], [10],
and machine learning [11], [12]. The field attracted both
academic and industry researchers, leading to systems and
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new applications that go beyond the accurate simulation of a
musical instrument [13], [14].

Depending on the way an instrument creates sound can
be practically classified into four categories: idiophones,
membranophones, aerophones (i.e., wind instruments) and
chordophones (i.e., string instruments). In this work, the
case study instrument is the ancient guitar which can be
classified as a chordophone. Chordophones can be studied
in two parts: the excitation mechanism (i.e., the string) and
the resonator (i.e., the body). The excitation mechanism has
been thoroughly studied, and various simulation techniques
are available [15], [16], [17]. However, because of the com-
plicated shape, structure, and material properties of the body
the string is attached to, the simulation of the instrument is
not trivial. The first attempts to study the resonances of a
violin using magnetic pickups attached to the bridge [18] or
spatially averaged measurements of direct radiation from a
violin excited by force-hammer impact at the bridge using
a rotating semicircular [19] require the instrument in its
physical form. More recent works depend on Finite Elements
Method (FEM) to model a classical guitar [20] where the
string oscillation is transferred through the bridge to the body,
which then interacts with the enclosed and surrounding air to
radiate the instrument’s tone. Nevertheless, the coupling of
the string-body is not trivial, and it is still an active field of
research [21], [22], [23].

Exploring the simulation potentials, researchers created
user interfaces of the virtual instruments [24], that can simu-
late their sound in real spaces [25], [26], [27], or even tried to
better understand the performance of state-of-the-art instru-
ments (e.g., Stradivarius violins using FEM [28]). Further-
more, the simulation of clarinet, using mathematical models
based on impedance, was introduced in a numerical optimizer
to propose a geometry that fulfills the requirements regarding
the generated frequencies [29]. However, this method is lim-
ited to a single objective goal, which is the set of fundamental
frequencies and their first harmonics, overlooking their rele-
vant amplitude (significant for the instrument’s timbre) and
the ergonomics of the instrument. Using FEM to simulate
musical instruments can be more accurate than analytical
equations allowing the study of instrument’s parts with pre-
cision [30], nevertheless, it is not a computationally cheap
method that can run several iterations fast in an optimizer.

Using a simulation model based on FEM, the shape of
an acoustic horn was optimized as a minimization problem
of an objective using a Broyden–Fletcher–Goldfarb–Shann
(BFGS) quasi-Newton algorithm concerning its ability to
provide impedance matching to the surrounding air [31].
Another study obtained a target set of modal frequencies
for vibraphone or marimba-type bars [32]. This study was
based on FEM and eigenanalysis coupled with optimization
procedures. However, none of the above two works consider
all three key parameters to provide an optimal set of building
details.

This paper introduces a hybrid simulation (DSP and FEM)
method of a string instrument alongwith amulti-optimization

technique based on which the user first rates the importance
of the instrument’s key parameters (i.e., tuning, sound quality,
and ergonomics), then sets the limits for the modifiable build-
ing details (i.e., material and geometrical features), and the
algorithm returns an optimal set of building parameters that
fulfill the chosen criteria. The case study instrument is the
ancient guitar (also known in ancient Greece as Phorminx)
which is a wooden string musical instrument. A set of nine
material properties was used (see Table 1) to correspond the
proposed material properties to commonly used material for
the body, as well as to reduce the runtime of the simulation
which is introduced to the multi-objective optimizer.

Until this day, the study of old instruments is a pole of
attraction. Recently, researchers formulated a model of the
instrument [33] based on FEM to investigate the acoustic
efficiency of the thickness of the top plate of the early viola da
gamba. In this paper the case of the ancient guitar is shown.
Homer, when referring to the ancient Greek guitar, commonly
used the word Phorminx. It is the instrument of the singers
of the Homeric period but also of the muses in the ancient
and classical times. It has two symmetrical arms inserted into
a hollow, horseshoe shape, and generally wooden resonator.
The resonator’s upper inner part has a transverse semicircular
section shown in Fig. 1 and Fig. 2a. The front flat surface of
the resonator ensures the perfect fit of the resonator with the
wooden vibrating surface of the instrument (the soundboard).
A metal tailpiece was used to secure the sheep-gut strings to
the resonator. The instrument was played either with a bone,
ivory, or metal pick or with the fingers of the left and the right
hand by a usually centrally positioned player who could sit,
march or dance [34].

In this work a method to simulate string instruments and
optimize their geometry according to the importance of three
key parameters is being proposed. The simulation method
described in this work covers the instruments that fall under
the chordophone class, showing challenges in the simulation
method [35]. However, the proposedmulti-optimization tech-
nique can be applicable, considering the relevant simulation
and the objective’s function parameters, for the rest of the
three classes: idiophones [36], [37], membranophones [38],
[39], and aerophones [6], [10], [40].

The structure of the current work is as follows: first, the
simulation of the ancient guitar and the numerical optimizer
are described in detail in the methods section. Then, in the
results section the simulation verification and the optimiza-
tion results for four cases are presented. Finally, the conclu-
sion section summarizes the main findings of this work, and
provides a discussion for future works.

II. METHODS
A. INSTRUMENT’s SIMULATION
String instruments can be divided in two functional parts:
the string and the body. Each one of them plays its role in
the process of sound production. The instrument’s body (in
this work assumed to be a linear mechanical-acoustic system)
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transforms the forces imposed by the string’s vibration,
through the bridge, into sound pressure waves that propagate
in the air. Each element has been simulated independently,
and then the two generated signals have been combined
to obtain the final signal of the instrument. The vibrating
string is simulated using DigitalWaveguides, and the impulse
response of the body is calculated using FEM. Next, the final
signal (S(t)) is calculated by exciting the string model with
the body’s impulse response (h(t)) [41]. This is the main idea
of commuted synthesis which is computationally cheaper
since the body filter can be replaced by an inexpensive lookup
table [17] of precalculated impulse responses (in this case,
generated using FEM models). In future work, creating a
less computationally expensive FEM model (or reduce the
runtime using parallel computing) will allow it to be part of
the optimizer and run iteratively. In this case, the model will
be able to propose modifications for the geometrical features
of the body of the instrument as well.

The string is oscillated by three triggering mechanisms: 1)
via percussion [42] (e.g., piano), 2) via pulling, either with
fingers [15] or with a pick [43] (e.g., guitar), and 3) via a
bow [44] (e.g., cello). The string is the primary vibrating
element of the instrument as it determines the frequency
response of the produced sound. However, the sound energy
produced is weak and needs amplification to meet the per-
formance needs of the instrument. This amplification can
be achieved by attaching the string to a resonator (i.e., the
instrument’s body). The string’s vibration is transferred to
the soundboard (the front surface of the resonator on which
the bridge is mounted). For instruments without an opening,
throughwhich the air enclosed in the resonator communicates
directly with the surrounding air (e.g., piano), the string’s
vibration is transmitted approximately only to the surface.
On the other hand, for instruments with an opening (i.e.,
acoustic guitar), the resonator can be seen as a coupled system
of a vibrating surface with a Helmholtz resonator. Thus,
in this kind of musical instruments, the coupling with the
surrounding air must be included in the study of the vibration
of the soundboard [45]. It should be noted that the selected
case study instrument’s (ancient guitar) body does not have an
opening. Furthermore, as the key parameters (tuning, sound
quality, and ergonomics) of the instrument are not affected by
the sympathetic string vibrations (when one string is excited,
some others are also excited via the body), the phenomenon
was not taken into account in the simulation. Using the pro-
posed hybrid (DSP & FEM) model the instrument’s sound
production mechanism is simulated.

The simulation of the ancient guitar was based on a hybrid
technique. The string was simulated using a DSP model
of digital waveguides [46] (see DSP box, Fig. 1) and the
body using a 3D model, designed using Autodesk 3ds Max
2020, introduced in COMSOL Multiphysics 5.5 Acoustics
Module for FEM analysis (see FEM box, Fig. 1). Figure 1
illustrates three seconds of the final simulated instrument’s
signal expressing the displacement of the bridge S(t). It is
calculated by exciting the string model with the body’s

FIGURE 1. Comparison between the simulated and the physical
instrument of the ancient guitar. A 3D model of the instrument’s body
(using FEM), and its impulse response as displacement (h(t)) are
illustrated in the Body box. The string model (DSP in String box), which
outputs the final signal S(t) expressing the bridge displacement. The
replica of the ancient guitar, the recording and the recorded signal are
illustrated in the red box. The comparison between the simulated and the
recorded signals is illustrated in the frequency domain.

impulse response, calculated by the FEM model, expressed
as displacement in the time domain (h(t), Fig. 1). In order
to validate the proposed simulation model, a replica of the
ancient guitar with a 43.5 cm strings’ length was physically
built (Fig. 1, red box and Fig. 2a) at the premises of the
Speech and Accessibility Laboratory, Department of Infor-
matics and Telecommunications, National and Kapodistrian
University of Athens Greece based on the description and
the images considering the relevant literature [47]. For more
details regarding the validation of the proposed model, see
second paragraph section III.

1) STRING
The vibration of an ideal flexible string, with both ends fixed,
can be expressed, as transverse waves in a uniform chord [1],
by (1)

∂2y
∂t2
=
T
ε

∂2y
∂x2
= c2

∂2y
∂x2

, (1)

where x is the position measured along the string, c =
√
T/ε

is the velocity of a transverse wave on the string which is
stretched by a tension T and has a linear density ε, and y is the
transverse displacement of the string. By considering a string
that is fixed at one end and the other end moves up and down,
a pulse will be created which will move at speed c and main-
tain its shape as it moves along the string. When this pulse
reaches the end of the string it will be reflected backwards
creating a standing wave. In a typical string instrument, the
nut/fingerboard end of the string is commonly assumed that is
an ideal termination [1]. The bridge abuts on the instrument’s
body and moves along with the body. Thus, this end of the
string cannot be considered motionless. Further, this is the
point where, for the vibrating string, a slight energy loss is
introduced. Other losses are related to the movement of the

133576 VOLUME 10, 2022



S. Polychronopoulos et al.: Optimization Method on the Tuning, Sound Quality, and Ergonomics of the Ancient Guitar

string such as the internal damping due to friction and the
viscous losses as the string cuts the air [41]. The plucking
position of the string plays a vital role regarding the overtones
[1]. For example, plucking the string at a quarter of the
distance from the end eliminates the fourth partial. In the
model of this work, this parameter has a logical constant
value: a distance of 4.5 cm from the bridge.

In this work, the string is modeled in 1D modeling only
one of the transverse string waves, using digital waveguides
(comprising digital delay lines). This is a well-established
technique for audio synthesis and a commonly used one,
especially in physical modeling [46], [48], [49]. The length
of the digital delay line is N samples corresponding to
the physical length of the string, N = b LcTs e, where L is
the string’s length, Ts the sampling period, and be denotes
the rounding to the nearest integer. The frequency calculation
error introduced by the discretization of the physical length
of the string, is minimized by using fractional delay filtering
techniques [50]. The technique used here is a third-order
Lagrange interpolation implemented as a filter (L(z), see
Fig. 1). The damping of the string is frequency depended
and it is simulated using a loop filter (HL(z), see Fig. 1).
For the filter to be realistic and reflect the case of an ancient
guitar its parameters were extracted using a recorded signal
from the replica [51]. This resulted in a first-order IIR filter
where HL(z) = 0.8817+0.0513z−1

1−0.0465z−1
. The nodal effect of the

plucking position is simulated by a comb filter consisting
of a M -samples delay line (see Fig. 1), where the delay
corresponds to the time it takes for the excitation to travel
from the plucking position to the nut [17].

2) BODY
The string is the primary vibrating element of a string instru-
ment as it determines the frequency content of the produced
sound. However, the sound energy produced by a vibrating
string is weak and needs amplification to serve the instru-
ment’s purpose. This amplification is achieved by attaching
the string to a solid element, the instrument’s body. The
string’s vibration is transferred through the bridge to the rest
of the body, which produces the instrument’s sound. Beyond
the distinct study of the string and the body, a complete study
of the produced sound should consider the role of the bridge
[52]. In previous works, the instrument’s body was studied
by hammer-excitation [19] or attaching magnetic pickups on
the bridge [18]. In this work, as the building details of the
body are not known in advance and vary at every iteration
of the optimizer, techniques that require the instrument on its
physical form are not relevant.

The impulse response of the body of the instrument was
studied using FEM in COMSOL Multiphysics 5.5 Acoustics
Module. A picture of the replica showing the dimensions of
the instrument, its 3Dmodel (using Autodesk 3dsMax 2020),
the mesh, and an instance of the body’s response (displace-
ment in cm) after exciting the bridge with a short Gaussian
pulse of 0.01 seconds to simulate a Dirac delta excitation, are

FIGURE 2. Simulation of the instrument’s body using FEM: a. a picture of
the ancient guitar’s replica illustrating the significant dimensions, b. its
3D model, c. the mesh and d. the impulse response as a displacement in
cm 0.022 s after exciting the bridge with a short Gaussian pulse.

shown in Fig. 2a, b, c, and d, respectively. The FEM model
is solved in the time domain, and its inputs are the building
details of the body (i.e., geometrical features and material
properties). The model outputs the impulse response at the
bridge expressed as a displacement in the time domain. The
mesh was carefully chosen considering the building details
of the instrument and the expected maximum frequency (at
least six elements along a wavelength) of interest (2 kHz),
resulting in 46136 elements and 250194 degrees of freedom.
The model’s runtime to output an impulse of 0.3 s at a sample
rate of 44100 Hz was approximately one hour using a Dell
desktop computer with an i-5 CPU at 3.1 GHz and 8 GB of
RAM.

The material of the body is wood which is a complex
natural material. However, for simulation purposes, in this
work, it is modeled as a homogeneous orthotropic elastic
material (simulating the relative damping by an orthotropic
loss factor). The properties of nine different, commonly used
by instrument makers, types of wood [53] considered in this
work are shown in Table 1. Their impulse responses are
precalculated and introduced in the optimizer as a lookup
table.

The ten lowest modes of the instrument, using the nine
materials shown in Table 1, were calculated using FEMeigen-
frequency analysis. The model shares the same simulation
parameters as described above and takes less than 1 min
per material to calculate the natural frequencies (Table 2).
As can be concluded from Table 2 the greater the material’s
stiffness the lower the pitch of the natural frequencies. The
first ten vibration modes, using the first material (Black
Walnut wood), are illustrated in Fig. 3. The patterns shown
are governed by the presence of fixed (motionless) elements
(e.g., the neck above the soundboard) and the presence of
the bridge. The position of the bridge on the soundboard
determines the antinodal zones.

3) STRING – BODY COUPLING
The bridge couples the string’s motion to the body. The
body can be modeled as a radiation filter expressed via its
impulse response. The FEM model, as shown above, outputs
the body’s impulse response expressed as displacement in the
time domain (h(t)). Given that the model is linear and time-
invariant, commuted synthesis can be used [17] and excite
the string model with the body’s impulse response [41] (see
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TABLE 1. Young’s Modulus, Shear Modulus, Poisson’s Ratio, and density of nine commonly used materials by the instrument makers used in this work for
the ancient guitar’s bodycite5

¯
0 where 1: Black Walnut, 2: African Mahogany, 3: Honduras Mahogany, 4: Sitka Spruce, 5: Engelmann Spruce, 6: Northern

White Cedar, 7: Western Red Cedar, 8: Redwood, and 9: Douglas-fir.

TABLE 2. Ten lowest vibration modes of the body materials calculated using eigenfrequency analysis in FEM where 1: Black Walnut, 2: African Mahogany,
3: Honduras Mahogany, 4: Sitka Spruce, 5: Engelmann Spruce, 6: Northern White Cedar, 7: Western Red Cedar, 8: Redwood, and 9: Douglas-fir.

Fig. 1). The proposed simulation method was found to be
valid, for the purpose of this project, as the comparison of
the signals between the physical instrument vs the virtual
instrument show good compliance (for more details see sub-
section III-A).

B. OPTIMIZER
The optimizer is a controlled elitist genetic algorithm running
onMATLABR2021b using the Optimization Toolbox to try a
new set of variables (Vj) at every iteration (j) to minimize the
sub-objectives (G11, G21, G31 and G32). When the optimizer
finishes the calculations, the sub-objectives are combined
and normalized between 0 and 1 to form the key parameters
G1, G2, and G3. Then, considering the significance of each
parameter (weighting factors), the multi-objective function is
calculated by (7), see Fig. 4. A multi-objective function has
been used firstly because it is more flexible to independently
consider the significance of each sub-objective, and secondly,
because the values of the sub-objectives need to be com-
parable thus, were normalized. Forming a single-objective
function for the optimizer [54] would not fulfill the above
two points.

Sub-objective G11 (tuning) examines the tuning accuracy
by calculating the absolute deviation between the simulated

fundamental frequencies (f s0 ) and the corresponding funda-
mental frequencies of the goal musical scale (f ms0 ). The final
value of this sub-objective is the average absolute deviation
of all the strings. Minimizing G11 results in better tuning.

G11 =

K∑
k=1
|1200 log2

f s0
f ms0
|

K
, (2)

where k is the string’s index, K is the number of strings (in
this work K=7), and | | denotes the absolute value.

Sub-objective G21 (sound quality) examines whether the
relative resonant frequencies between two signals similarly
affect the timbre and is calculated by considering the resonant
frequencies (fundamentals and overtones) amplitudes. It is
the average (mean) correlation between a reference and a
generated matrix of all the stings (K ). The matrices are com-
prised of the resonance numbers arranged considering their
amplitudes in descending order. In this work, regarding the
reference matrix (Iref ), as lower the number of the partial is,
the higher significance respectively it holds, the order will be:
fundamental, first overtone, second overtone, etc., resulting
in the matrix [0, 1, 2, . . . ,M ]. Maximizing the correlation
(or minimizing the minus correlation (G21) of these matrices
results in timbres of which the resonant frequencies share a
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FIGURE 3. Ten lowest vibration modes of the body of the ancient guitar
using FEM simulation with Black Walnut wood material (the first material
shown in Table 1).

similar amount of contribution compared to an ideal contri-
bution of resonant frequencies, considering their amplitude.

G21 = meanK (−correlation(Iref , I sk )), (3)

where Iref = [0, 1, 2, . . . ,M ] is the reference matrix and I s is
the generated matrix from the signal of the simulated instru-
ment. It should be noted here, that since sound absorption
in the air increases with frequency [55] and considering that
in the reference matrix partials’ significance decreases with
frequency, sound radiation will only modify the amplitude of
the resonances and not their relative order.

Sub-objective G31 is the first part of G3 (ergonomics).
It computes the absolute difference between the strings’
length for the simulated instrument and the reference (opti-
mal) length, in meters. Minimizing the absolute difference of
the strings’ length from a reference ideal length results in a
proposed length as close as possible to the reference one and
hence, better ergonomics.

G31 = |Ls − Lref |, (4)

where Ls is the simulated instrument’s strings’ length, and
Lref is the reference instrument’s strings’ length, in meters.

Sub-objective G32 is the second part of G3 (ergonomics).
It computes the standard deviation of the strings’ tension.
By minimizing the standard deviation of the strings’ tension,
results with highly balanced tensions are derived.

G32 =

√√√√√ K∑
k=1

(T Sk − µ)
2

K
, (5)

where T s is the string’s tension of the simulated instrument,

and µ =

K∑
k=1

T Sk

M .
The objectives G1 (tuning), G2 (sound quality), and G3

(ergonomics) are calculated by:

G1 = Ĝ11, G2 = Ĝ21 and G3 =
̂̂G31 + Ĝ32

2
, (6)

where ̂ denotes the normalization between 0 and 1.

FIGURE 4. Proposed optimizer to predict a musical instrument’s building
details for better G1: tuning, G2: sound quality and G3: ergonomics.
Illustrating the sub-objectives (G11, G21, G31, and G32) the controlled
elitist genetic algorithm is programmed to minimize by trying a new set of
variables (Vj ) at every iteration (j ) and the multi objective function O.

III. RESULTS AND DISCUSSION
A. INSTRUMENT’s SIMULATION
The ancient guitar with a musician exciting each of the seven
strings was recorded, using his fingers at a distance of 4.5 cm
from the bridge. The microphone was placed approximately
1 m away from the instrument, and the musician played at
piano (soft) volume level every note once. The recordings
took place at the studio of the Laboratory of Music Acoustics
and Technology, Department of Music Studies, National and
Kapodistrian University of Athens, on March 4th, 2021. The
equipment used: microphone preamplifier Millennia HV-3D,
A/D converter RME ADI A8 DS, and microphone Neumann
KM 184.

For this work, the simulation’s primary goal is to accurately
output the ancient guitar’s resonant frequencies (fundamen-
tal and overtones) and their relative amplitudes. Figure 1
illustrates the comparison of the signals in the frequency
domain of the simulated and the physical instrument show
good agreement. In more detail, the signals of the seven
notes of the simulated and the physical instrument (replica)
were compared. The absolute deviation in cents ( ) of the
first partials’ frequencies (fundamental frequencies) shows an
average deviation of 0 and a standard deviation of 0 . The
second partials (first overtones) show an average deviation
of 4 and a standard deviation of 7 ; the third partials
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(second overtones) show an average deviation of 2 and a
standard deviation of 4 ; the fourth partials (third overtones)
show an average deviation of 7 and a standard deviation
of 8 ; the fifth partials (fourth overtones) show an average
deviation of 5 and a standard deviation of 8 . All the
above frequency mismatches can be considered perceptually
insignificant as they are well below the Just Noticeable Dif-
ference (JND) [56], [57]. Further, the relative amplitudes of
the resonant frequencies (fundamentals and overtones) are in
descending order from the fundamental (highest amplitude)
to the fifth partial (lowest amplitude) in both the recording
and the simulated instrument’s signals. Considering the above
the proposed simulation is accurate and serves the purpose of
this project.

B. OPTIMIZER
The proposed simulation of the ancient guitar is added to a
multi-objective optimizer to predict an optimal set of building
details by considering the three key parameters (tuning, sound
quality and ergonomics). In this work, the varying param-
eters are the strings’ tension, length, linear density and the
body’s material. The case study musical instrument has seven
strings. Therefore, there are fourteen variables for the strings’
tension and the linear density, one variable for the strings’
length (same length for all strings), and one variable for the
body’s material. It should be noted here, that in order for the
proposed material to reflect a commonly used one, as well as
to reduce the runtime of the simulation, a set of nine materials
was used (for more details, see the Body subsection of the
Methods section).

The multi-objective function includes three sub-objectives
(see (7)). G1 is responsible for the successful reproduction
of the instrument’s tuning (i.e., the notes of a predetermined
musical scale). It is defined here as the deviation between the
calculated (via simulation) and the goal fundamental frequen-
cies. Although the musician can adjust the tuning by altering
the strings’ tension, the ability of the instrument to reproduce
a specific musical scale depends primarily on instrumental
characteristics. In this case these characteristics are the length
of the phorminx arm determining the length of the strings and
given this length, the choice of the set of strings (expressed as
strings’ linear density). In each iteration the optimizer calcu-
lates the deviation (G11, in cents) of the fundamental for each
string of the signal generated by the simulated instrument and
the set of frequencies corresponding to the preferable tuning.
The selected tuning of the seven strings of the ancient guitar
(named in antiquity as hypatē, parhypatē, lichanos, mesē,
tritē, paranētē, nētē) corresponds to a natural minor hexatonic
scale starting from the musical note E3 (i.e., E3, F#3, G3,
A3, B3, D4, E4) which is consistent with the standard tuning
process of the ancient Greek music system (i.e., hypatē and
mesē forming a perfect fourth interval, while mesē and nētē
forming a perfect fifth interval) [58].G2 is responsible for the
sound quality, and it is defined as the order of the resonant
frequencies (G21) (fundamentals and overtones) considering
their amplitude. The goal for the partials’ amplitude levels

is be in descending order from the fundamental to the fourth
overtone. G3 is responsible for the ergonomics considering
the comfort of the musician playing the instrument and it is
defined here in two parts as a) G31: the difference between
the string’s length and an ideal one, and b) G32: the string’s
tension standard deviation. Based on the relevant literature for
the ancient stringed instruments [59] the ideal string length
was set to 43.5 cm. Moreover, as a balanced strings’ tension
is essential for a natural and balanced feel when playing the
instrument, one more goal for the optimizer was set to mini-
mize the differences in the strings’ tensions. Note that the sub-
objectives G11, G21, G31, and G32 are normalized between
0 and 1 and contribute equally to calculate G1, G2, and G3.
The importance of each of the three parameters, G1: tuning,
G2: sound quality and G3: ergonomics, is expressed using
weighting factors w(1−3) (see (7)). For more details about
the multi-objective function (O) please see the Optimizer
subsection of the Methods section.

O = w1G1 + w2G2 + w3G3, (7)

The multi-objective function was introduced in a con-
trolled elitist genetic algorithm running onMATLABR2021b
using Optimization Toolbox. To minimize the sub-objectives:
G11, G21, G31, and G32 the optimizer was created until the
termination of 104 generations, consisting of 200 individuals,
resulting in a total population of 20800 individuals. The
runtime for a single generationwas approximately 10minutes
on a desktop computer with i5-8600 CPU at 3.10 GHz, 8 GB
of RAM, and an MS-Windows 10 Operating System. When
the optimizer calculates all the generations, the values of the
sub-objectives’ values are normalized between 0 and 1 (see
Fig. 5) and form the main objective (see (7)). Then consider-
ing the significance of each of the key parameters (using the
weighting factors), the optimal solution is selected, and the
corresponding building details (V: optimal set of variables) is
the output (see Fig. 5).
Figure 5 illustrates the proposed method to modify a set of

variables (musical instrument’s building details) of an ancient
guitar for optimal G1: tuning, G2: sound quality and G3:
ergonomics, considering the significance (using weighting
factors) of each of the three key parameters. The inputs in
Fig. 5 include: the weighting factors, the musical scale that
the instrument should reproduce, the optimal strings’ length
(based on the ergonomics), the lower and upper bound for the
strings’ length, the lower and upper bounds for the strings’
tension and linear density (seven strings), and a set of mate-
rials for the body of the instrument. In the calculation section
the sub-objectives (G11, G21, G31, and G32), the whole pop-
ulation of all generations (grey dots) of the multi-objective
optimizer plotted in a 3D plot where the x axis isG1, y axis is
G2 and z axis is G3, four cases of different weighting factors
(significance of the key parameters) and the relevant sub-
objectives’ values are shown. In this work four cases of a
different set of weighting factors (case A: only the tuning
is important, case B: only the sound quality is important,
case C: only the ergonomics is important, and case D: 25%
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FIGURE 5. Proposed method to predict the ancient guitar’s building details for optimal G1: tuning, G2: sound quality and G3: ergonomics Illustrating:
a) the inputs: the weighting factors, the constant values, and the set of Variables, b) the calculation: the sub-objectives (G11, G21, G31, and G32), the
whole population of all generations (grey dots) of the multi-objective optimizer plotted in a 3D plot where the x axis is G1, y axis is G2 and z axis is G3,
four cases of different weighting factors and the relevant sub-objectives’ values, c) the output: a set of instrument’s building details (optimal variables
V : one value for strings’ length, seven values for strings’ tension, seven values for strings’ linear density, and one value for body’s material as per
Table 1) for each case.

importance for tuning, 45% importance for sound quality
and 30% importance for ergonomics) with their relevant sub-
objectives (G11, G21, G31, and G32) and G1, G2,and G3 are
shown. In case A (blue), where G1 is the only relevant sub-
objective,G11 = 3.4 a tuningmismatch lower than JND and
in all the rest of the cases where it is non-significant (case B
and case C) or less significant (case D)G11 values are higher.
In case B (red), where G2 is the only relevant sub-objective,
G21 = −1 i.e., optimal order of the resonant frequencies.
In all the rest of the cases where it is non-significant (case
A and case C) or less significant (case D) G21 values are
higher. In case C (green), where G3 is the only relevant sub-
objective, G31 = 0.02 mm and G32 = 0 N i.e., optimal
string’s length and a low strings’ tension variance. In all the
rest of the cases where it is non-significant (case A and case
B) or less significant (case D) G31 and G32 values are higher.
In case D (black), a random set of weighting factors are
shown illustrating a more realistic resulting in G11 = 10.8 ,
G21 = −1, G31 = 0.02 mm, and G32 = 0.005 N. The output
of the method is a set of instrument’s building details (optimal
variables V ), that meet the selected criteria, one for each case
of weighting factors. The optimal building details (V ) for
each case are illustrated in Fig. 5, where the set of values are:
one value for strings’ length, seven values for strings’ tension
(the values in the first parenthesis), seven values for strings’
linear density (the values in the second parenthesis), and one
value for body’s material as per Table 1.

IV. CONCLUSION
This study proposes a method to simulate stringed musical
instruments and determine their building details to optimize

their key parameters (tuning, sound quality and ergonomics).
The simulation of any string musical instrument becomes
trivial as the proposed method requires just a 3Dmodel of the
body (which can be either designed using a 3D software or a
3D scanner to obtain the geometrical features of a physical
instrument) and the strings’ parameters. An ancient guitar
has been used as a case study instrument. The simulation
was validated by building the instrument and comparing its
recordings with the signal generated by the proposed phys-
ical model. However, the method is not limited to string
instruments. It can be put into practice to investigate the
building details for any instrument by introducing the relevant
simulation and modifying the multi-objective’s parameters to
correspond to the specific instrument.

In this work the proposed method was put into practice for
four cases, where the importance of the key parameters varies,
to obtain the relative building details for the optimized ancient
guitar. As a future work, subjective tests could be conducted,
including building this work’s four optimized instruments and
evaluating their performance according to the goals of each
case with musicians.

We anticipate that this work will help musical instrument
makers to more efficiently design a new bespoke instrument
that could be introduced to other models to simulate the sound
of the instrument in a real space. In order to optimize the
key parameters of a new instrument, the method described
here does not require a physical musical instrument, which is
relatively expensive and time consuming to build. Moreover,
the building details of an instrument can be customized con-
sidering the musician’s specific needs. This work’s method
can propose building details for a newmusical instrument that
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will be able to reproduce a goal 1) musical scale, 2) unique
timbre, and 3) specific ergonomics for the musician (e.g.,
considering the impairment of a musician). Archaeomusicol-
ogists can also use the proposed method for excavated (or
conceptual) musical instruments. As most of the excavated
instruments are not in one piece (or they have missing parts),
this work can reveal the missing information by considering
details such as the possiblemusical scale, the human anatomy,
and the available materials.
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