Archeologia e Calcolatori
32.1, 2021, 423-438
doi 10.19282/a¢c.32.1.2021.23

AUGMENTATION AND ENRICHMENT OF CULTURAL EXHIBITS
VIA DIGITAL INTERACTIVE SOUND RECONSTRUCTION
OF ANCIENT GREEK MUSICAL INSTRUMENTS

1. INTRODUCTION

A significant number of Ancient Musical Instruments (AMIs) findings,
which date from the 5% ¢. BCE to the 1% ¢. BCE, are kept in various archaeo-
logical museums in Greece and all over the world. Some of them are in good
condition. Some of the most important AMIs are exhibited at the Archaeolo-
gical Museum of Piraeus (PsAROUDAKES 2013a): from the classical era a flute
(PsaroUDAKES 2013b), a chelys (a type of lyre), and a trigonon (a type of
harp) (TErzES 2013), and at the Archaeological Museums of Megara (TERZES
2020): from the Hellenistic period two pairs of aulos with metal sliding keys.
Some of the excavated AMIs have been studied by expert archaeomusicolo-
gists who emphasized their functional restoration and reconstruction (BELLIA
2015; SAFA et al. 2016). Indirect but valuable information about the musical
instruments of Greek antiquity can be found in ancient Greek literature (the
surviving texts of ancient Greek authors) and the musical iconography (re-
presentations of musical instruments on vases, painted or embossed works).
The research results on ancient Greek music have increased exponentially in
the last twenty years (POHLMANN, WEST 2001; HAGEL 2009a), and that is
mainly due to the development of archaeomusicology and the recently exca-
vated AMIs (PsarRouDAKkEs 2000, 2002, 2008, 2010, 2013a; HAGEL 2004,
2008; TerzEs 2013, 2020).

According to recent studies (KURKE 2000; MURRAY, WIiLsON 2004),
organized sound (music and song) was the main factor that formed the an-
cient Greek intellectual and artistic product (epic, choral/lyric poetry, drama,
comedy). However, even nowadays, there are not enough studies regarding the
sonification of the AMIs to cover the majority of the excavated instruments,
and therefore, the museum visitor cannot hear the actual sound of an exhibited
instrument. On the other hand, their visual representation is widespread (a
large volume of digitized illustrations is available). Despite the fact that recent
technology is put in practice and remarkable progress has been done (i.e.,
digitization of the cultural apparatus, development of on line museum tours
and digital guides based on mobile devices, such as tablets or smartphones),
the reconstruction of the AMIs sound is still not available, except Avanzini’s
individual project (AVANZINI et al. 2015).

The reconstruction of AMIs via physical apparatus (replicas), through
interdisciplinary study and research (musicology and archaeology), provides
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satisfactory results. Nevertheless, as it is usually approached by trial and error
techniques, it requires disproportional effort, which increases the construction
cost (HAGEL 2009b; PsAROUDAKES 2013a; KouMARTzIs et al. 2015). A similar
problem is present in the construction of traditional instruments, especially
in the process of standardization and optimization. The introduction of pla-
yable reconstructed musical instruments in the museums (as is the case with
any object that contains elements of ancient technology) is not considered
appropriate, and it is not adopted because: a) of aesthetic arrangement issues
of the exhibition space, b) of noise disturbance issues when used by a visitor,
c) the generated sound is not representative especially in the case of AMIs
made of animal bones (SAFaA et al. 2016), and d) of provided grounds for
anachronistic interpretations that may hurt the exhibited instrument. We here
propose an enriched museum experience where the visitor sees the original
AMI and at the same time interacts with its digital simulation through a tablet,
a digital kiosk, or a mobile device (either by altering some of its features or by
playing notes) and hears the generated sound (on headphones) in real-time.
Moreover, this application will help the scientists (i.e., archaecomusicologists)
to study the AMIs as it provides flexibility in modifying the instruments’
parameters (e.g., geometrical features) and swiftly obtaining the relevant
sound. This is a powerful tool that will speed up the musicological study of
the AMIs, by enabling a fast and accurate scale estimation. Furthermore: a)
our method can be combined with recent methods that take into account
the musician’s interaction with the instrument to optimally tune the set of
generated fundamentals (BAKOGIANNIS et al. 2020), b) our method’s output
signals can then be filtered with a digital filter which simulates the acoustics
of various ancient theatres to obtain their sound in their natural auditory
space (VASSILANTONOPOULOS, MOURJOPOULOS 2003; POLYCHRONOPOULOS
et al. 2013), and ¢) the instrument’s introduced geometry can be treated as an
acoustic metamaterial (PoLYyCHRONOPOULOS, MEMOLI 2020) enabling the
3D printing of a functional (in some instrument classes) musical instrument
(NORELAND et al. 2013).

In the last two decades, the synthesis of the sound of musical instru-
ments using the method of physical modeling (ECkeL 1995) has received
increasing attention in the field of music technology. This method is based
on the description of the production and propagation mechanisms of sound
using mathematical models that describe the acoustics of sound produc-
tion. It embodies the Newtonian ideal of an exact mathematical model of
a mechanical-acoustic process (RoADs, STRAWN 1996). Unlike the rest of
the simulation methods, it does not require instrument recordings in order
to build a model, which is a rather significant advantage in some cases (i.e.,
in the case of an excavated ancient musical instrument where it is fragile
or/and not in one piece).
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For the creation of the virtual musical instruments and their use during
the performance, the physical modeling method is going to be used as it
provides not only more realistic but also more expressive synthetic sound
(VALIMAKI, TAKALA 1996; ARAMAKI et al. 2001; RABENSTEIN, TRAUTMANN
2001). The usual methods of sound synthesis (FM, additive, subtractive, AM,
PD, Granular: MIRANDA 2002) try to reproduce the spectral content of the
acoustic signal produced by a musical instrument, but their parameters are
not related to the instrument’s physical parameters. Moreover, all the other
methods, for example, the widely used and computationally cheap method of
sampling (reproduction of recorded samples from the physical instrument),
require the existence of the instrument. This is a major constrain when the
instruments in question are excavated, thus, fragile and usually not in one
piece. On the contrary, the physical modeling method does not produce the
sound directly but produces and controls the process that creates the sound
(SERAFIN, SMmITH 2000). The main approaches of this methodology include
the digital waveguide (VALIMAKI, SAvioja 2000), the transfer function model
(Borin, DE Poti, SARTI 1992), the modal synthesis (BisnovaTy1 2000), and
the finite differences using resonant filters (BiLBao 2009). Furthermore, ap-
proaches for the physical modeling of double-reed musical instruments have
been presented in the literature (ERKUT, KARJALAINEN 2002; BILBAO, SMITH
2003; KARJALAINEN, ERKUT 2004; BENSA et al. 2005).

The Virtual Musical Instrument (VMI) is a credible (as much as possi-
ble) digital representation of the corresponding real one and consists of two
distinct parts (TZEVELEKOS, GEORGAKI, KOUROUPETROGLOU 2008). The first
is responsible for the audio reconstitution of the produced sound in real-time,
and we call it Acoustic Virtual Musical Instrument (AVMI) and the second
one is the Visual Representation, which is usually a realistic three-dimensional
representation. The most promising simulation method of AMIs is based on
physical modeling algorithms that solve the system of equations that corre-
sponds to the acoustics of the real musical instrument (VALIMAKI V, TAKALA
1996). A digitally simulated AMI has to produce a sound as similar as possible
to the sound that the corresponding musical instrument makes and, moreover,
to enable the ability to interact with it through an external physical appara-
tus. Nevertheless, there are no strict directions and autonomous frameworks
for the development of AVMIs. Most of the relevant applications are limited
(closed and non-scalable systems) and do not combine their visual representa-
tion as the user interacts with them (i.e., playing music). They are not easy to
use and not suitable for non-specialists (e.g., museologists, archaeologists) as
they cannot modify them or develop their own digital AMI based on specific
requirements (e.g., to accurately reproduce the sound of a specific exhibited
AMI). In this work we show the simulation method of the AMIs and propose
a flexible and scalable digital tool through which: i) the museum’s scientific
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staff will be able to create an AVMI that will accurately reproduce the sound
of a specific AMI and ii) the experience of each in situ or online visitor of the
museums will be enriched and enhanced with the digitally generated sound
(by every single digital AMI) along with its three-dimensional representation,
but will also enable the real-time interaction to produce music.

2. METHODS

In this section, we discuss the simulation of wind AMISs (classes: Aulos,
Plagiaulos, Syrinx, and Salpinx) and the simulation of string AMIs (classes:
Phorminx, Chelys, Barbitos, Kithara, and Trigonon).

Digital waveguides were used to simulate the wind AMIs. Due to the
complex shape of their body and material properties, the string AMIs are si-
mulated using a hybrid method. We used Digital Signal Processing (DSP) and,
more precisely, digital waveguides to simulate the vibrating string (ASKENFELT,
JaNssON 1993; FLETCHER, ROSSING 1998; GiorDANO, GOULD, TOBOCHNIK
1998; RossiNG 2010; PEROV, JOHNSON, PEROVA-MELLO 2016) and Finite
Element Method (FEM) to simulate the vibrating body of the instrument
(R1cHARDSON, ROBERTS 1985; KARJALAINEN, SMITH 1996; CARLSON 1996;
Stanciu, VLASE, MARIN 2019). Through this hybrid (DSP-FEM) method, the
overall sound production mechanism is modeled, and the sound produced by
the musical instrument is approximated.

2.1 Wind instruments

Not all wind instruments share the same type of excitation mechanism
(sound generator). The classes of wind AMIs this project is taking into ac-
count have three different types. The first one is the reed instruments, where
the exciter includes the dynamics of reed vibration and air flowing through
a reed aperture. Initially, the reed is at rest, where the pressure difference
(between the mouth pressure and the pressure inside the reed) equals zero,
and the reed’s opening area is at its maximum level. While they slowly in-
crease the pressure, the blades are closing progressively. When the pressure
difference exceeds a certain value, the reed is forced to shut rapidly (ALMEIDA,
VERGEZ, CAUSSE 2004). The second is the air-jet-driven instruments, where
the excitation mechanism is described by the air jet deflected. The acoustic
oscillation inside the resonator creates an oscillating transversal flow through
the embouchure hole, which perturbs the jet’s trajectory (CARPENTER 2012;
FABRE, GILBERT, HIRSCHBERG 2018) at the flow separation point. Because of
the unstable nature of air jets, this perturbation travels and gets instinctively
amplified along with the jet. The required acoustic energy to sustain the air
particles’ oscillation inside the resonator is provided by the interaction of the
perturbed flow with the labium (De LA CuaDRA 2006). The perturbed flow
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Fig. 1 — Three types of excitation mechanisms: Double-reed (Aulos), Air-jet
instrument (Plagiaulos and Syrinx), and Lip-driven (Salpinx). Resonator
types with various geometries, with (Aulos and Plagiaulos) and without
tone-holes (Syrinx and Salpinx), with open (Aulos, Plagiaulos, and Salpinx)
or closed (Syrinx) end for and the cylindrical bore without a conical bell
(Aulos, Plagiaulos, and Syrinx) and with a conical bell (Salpinx).

is amplified until it reaches a side displacement which prevents its form from
being cohesive and results in the reformation of the air jet. The behavior of
the air jet inside a flue instrument is a non-linear phenomenon. This non-
linearity is due to the fact that, even though the jet grows linearly at first,
when it interacts with the perturbed flow, it breaks into vortices that conclude
into turbulence (CARPENTER 2012).

The third one is the lip-driven generator mechanism. There is an im-
portant difference between this type of excitation mechanism and the afo-
rementioned two types, which mainly arises from the fact that the blowing
pressure tends to force the player’s lips open, while in woodwinds, it tends
to force the reed closed. It should be noted here that, in this mechanism, the
lips are the equivalent to the vibrating reed.

Fig. 1 shows the exciter types that will be discussed here as they are
relevant to the exciter mechanisms of the instruments this work is focusing
on. More precisely the exciter types of the AMIs we simulated are: Double
reed (Aulos) (ALMEIDA, VERGEZ, CAUSSE 2004, 2007), Air-jet (Plagiaulos
and Syrinx) (CHANAUD 1970; FLETCHER, RossiNG 1998; Auvray, Fa-
BRE 2016; FABRE, GILBERT, HIRSCHBERG 2018), and Lip-driven (Salpinx)
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(BENADE 1990). The various resonator types are also shown in Fig. 1; with
(Aulos and Plagiaulos) and without tone-holes (Syrinx and Salpinx), with
open (Aulos, Plagiaulos, and Salpinx) or closed (Syrinx) end and the cylin-
drical bore without a conical bell (Aulos, Plagiaulos, and Syrinx) and with
a conical bell (Salpinx). The cylindrical bore of the Aulos, Plagiaulos, and
Syrinx was modeled as a one-dimensional digital waveguide, i.e., as two de-
lay lines, one for the left and one for the right going wave, as the theory of
digital waveguides describes (SCAVONE 1997; CzZYZEWSKI, JAROSZUK, KOSTEK
2002; SmrtH 2002; ScavoNE 2018). Concerning the excitation mechanism,
in the case of Aulos, a reflection coefficient factor is used (due to the reed
mechanism) (SMITH 2002, POLYCHRONOPOULOS et al. 2021), while in the
case of Plagiaulos and Syrinx, the sigmoid function is used to simulate the
air-jet excitation mechanism (Cook 1992), and in the case of Salpinx the lip
oscillation is simulated as a mass-spring-damper oscillator (Cook 1991).
The open and close ends were simulated by digital filters according to the
frequency-dependent transmittance and reflectance happening in each type
of ending. The reflection and transmission characteristics of the Salpinx bell
are implemented by using lumped filters (BERNERS 1999) in combination
with the waveguide model of the instrument. According to SmiTH 20044, the
reflectance of the travelling waves due to the bell of a woodwind instrument
is commonly modeled as a low-pass filter, while the transmittance is imple-
mented as a complementary high-pass filter. The modeling methods described
above simulate the basic mechanisms and factors of the wind instruments’
sound generation, in particular, the bore’s geometry (length, inner and outer
diameters), the bore’s ending type (open/closed), the bore’s shape (cylindrical/
conical), the tone-holes (number, position, and dimensions/ geometry), and
the excitation mechanisms (reed driven, air jet, and lip driven). Our models
can be further expanded to enable additional simulation parameters, such as
the player’s subtle control of the sound quality (e.g., vibrato and transients),
type of flaring, and the mouthpiece effect, and can be further tuned to produce
more realistic outcomes (BAKOGIANNIS et al. 2021).

The fundamental note (frequency) created in the resonator depends on
the length of the resonator and whether the end of it is closed or open. As a
simplified practice, one can assume that, by opening a tone-hole, the effective
length of the resonator reduces and, therefore, the fundamental frequency
generated is higher. For an open-end, 'the wavelength of the fundamental fre-
quency is approximately twice the length of the pipe, and for a closed-end the
wavelength is approximately four times the length of the pipe (WoLFE 2018).
In the final application the user sets the parameters’ values for each AVMI
(see Figs. 3 and 4) and both wind or string instrument physical models run in
the time domain to synthesize the relevant audio signal and plot its spectrum
in the frequency domain through the Fast Fourier Transform.
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2.2 String instruments

DSP using Digital Wave Guides (DWG) and FEM solving in Time Do-
main are the two most commonly used physical modeling techniques. The
DSP method is more commonly used than the FEM mainly because it is less
computationally demanding. Therefore, in order for the algorithm to be able
to respond and play the sound of an instrument in real-time, the DSP method
is more suitable. The vibration of string musical instruments can be simulated
as 1D DWG. However, the vibrating body of the instrument, which is the main
sound source due to its complicated geometry, cannot be simulated with the
same computationally cheap method. Julius Smith published an article com-
paring the effectiveness of DWG and Finite Difference Time Domain (FDTD)
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Fig. 2 — a) blue frame: the vibrating string; red frame: the 3D of the body of the instruments
(Phorminx, Chelys, Barbitos, Kithara, and Trigonon) in COMSOL Multiphysics 5.5. b) blue frame:
the signal from a vibrating string (string’s length = 0.36 m, Tension = 32.85 N, Linear Density =
0.0005832 kg/m) simulated using DPS (digital waveguides); red frame: the impulse response of the
body of the instrument (Trigonon) using FEM; purple frame: their convolution.
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(SmrTH 2004b). Our FEM model used to simulate the body’s vibrations through
the calculation of its impulse response shares common principles with FDTD
as it runs in the Time Domain in order to calculate the impulse response of the
system. After Smith’s work, more works followed (ErRkuT, KARJALAINEN 2002;
Brao, SMrTH 2003; BENSA et al. 2005). Cumhur Erkut and Matti Karjalainen
came up with an approach combining the two models for the simulation of
string instruments (ERKUT, KARJALAINEN 2002). Additional work was published
2 years later by the same authors with a more generalized approach proposing
a renewed hybrid model (KArRJALAINEN, ERKUT 2004).

In this work, in order to encounter the complicated geometry of the body of
the string instruments, a hybrid method was used. The signal from the vibrating
string (DSP-DWGs) is convoluted with the impulse response of the body of the
instrument (FEM - solving in Time Domain) for our hybrid model to output
the final audio signal of the wind AMI (KARJALAINEN, VALIMAKI, JANOSY 1993;
KarjaLAINEN, SMITH 1996) (Fig. 2). The complete study of the sound produced
must include, in addition to the distinct study of the string and the body, the
role of the bridge. The frequency response of the body is obtained by exciting
the bridge at different frequencies (RossiNG 2010). In low frequencies, there is
a better agreement between the produced sound and the excitation than in high
frequencies. This is due to the fact that the directionality can vary as a function
of eigenfrequency, as well as the fact that a small movement of the bridge does
not automatically imply a high level of sound production. More precisely, the
body of the string musical instrument functions as a linear mechanical-acoustical
system, which transforms the forces imposed by the vibration of the string into
sound pressure waves propagating in the air.

As the calculation of the impulse response in FEM requires some time, we
here propose two application types: a) the impulse response of all the AMIs
exhibited in the museum is pre-calculated in order for the visitor to be able
to interact with the digital instrument in real-time altering only the strings’
parameters and b) the user is able to upload the 3D geometry of the body
of the instrument and parameterize the strings as well. The first application
type runs in real-time, and it is better for commercial use, while the second
one provides more freedom in the design and it is more research-oriented.
In case the string AMI, found in the excavation, is in one piece, its geometry
can be easily obtained by using a 3D scanner. If there are missing parts, the
archaeologist can digitally design various possible versions of the instrument’s
body and study each version’s results. Moreover, the digital calculation of
the impulse response does not require a physical measurement (which is not
possible since AMIs are fragile and the impact could destroy them), enabling
the researchers to test their assumptions regarding unknown parameters of
the soundboxes, even when there are no actual remains of the instruments
(for instance, in the case of kitharas or phorminx).
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Fig. 3 — The Graphical User Interface of the wind instruments. The user can select between instrument
classes (Aulos, Plagiaulos, Syrinx, and Salpinx) and the relevant parameters. In the example shown
here, the Syrinx class is selected and the parameters are shown. The generated signal in time and
frequency domain as well as the fundamental frequency, are calculated right after the user hits the run
button. After the calculation is completed, the user selects the desirable pipe and the relevant plots
are illustrated on the right part of the GUI. The audible stimulus occurs by hitting the play button.

3. APPLICATION

We here demonstrate the Graphical User Interface for the project’s
wind (Fig. 3) and string (Fig. 4) instruments. The user can select between the
instrument classes of a wind (Aulos, Plagiaulos, Syrinx, and Salpinx) or a
string (Phorminx, Chelys, Barbitos, Kithara, and Trigonon) instrument. We
would like to note here that due to the way we are simulating the body of the
string instruments we provide the option for the user to add a 3D geometry,
which is giving extra flexibility considering that small differences in the body
of the instrument will significantly affect the generated signal. Then, a set of
parameters show up as illustrated in Fig. 3 and Fig. 4 in the input section.
We narrowed down the allowed parameters’ values to be between low and
high extreme values (within logical limits, e.g., two tone-holes cannot be at
the same position). This is mandatory firstly for the algorithm to be able to
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Fig. 4 — The Graphical User Interface of the string instruments. The user can select between instru-
ment classes (Phorminx, Chelys, Barbitos, Kithara, and Trigonon) and the relevant parameters. In
the example shown here, Phorminx class is selected and the parameters are shown. The generated
sifgnal in time and frequency domain, as well as the fundamental frequency, are calculated right
after the user hits the run button. After the calculation is completed, the user selects the desirable
string and the relevant plots are illustrated on the right part of the GUI. The audible stimulus occurs
by hitting the play button.

run the calculations (e.g., not acceptable parameter number of strings = 0)
and secondly for the results to make sense (e.g., not acceptable 50 m long
string as it does not make sense for an AMI). In the examples shown in
Fig. 3 and Fig. 4, Syrinx and Phorminx classes are selected, and the relative
parameters are shown. The generated signal in the time and the frequency
domain, as well as the fundamental frequency, are calculated right after the
user hits the run button. After the calculation is completed, the user selects
the desirable option (e.g., pipe in the case of the syrinx in the example of
Fig. 3 or string in the case of any string instrument), and the relevant plots
are illustrated on the right part of the GUI. The audible stimulus occurs by
hitting the play button.

This application will be useful not only to scientists but to a broader
audience as well. The first category is mainly the scientific staff of museums
(e.g., archaeologists, museologists) and archaecomusicologists. The scientists
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who have found a Greek AMI (even if it is not in one piece) or even a visual
representation of it (for example, on a vessel) will be able — most probably by
assuming some geometrical features and materials — to hear how it sounds.
They will be able to experiment further with all the parameters side by side
with the relevant generated musical scales. The second category is comprised
of museum visitors, musicians, or even students. The museum visitors will
be able to interact via a touch screen interface (tablet) or a midi controller
with the digitally simulated instrument and hear the result in real-time. This
enables its use by musicians who want to experiment with the sounds of
AMI. The application will also help students familiarize themselves with a
variety of instruments that generate different musical scales than modern
instruments.

4. CONCLUSION

In this work, an interactive digital tool of simulated wind and string
AMIs is illustrated. This application will not only be a useful tool for scien-
tists (anthropologists, archaeologists, and archaeomusicologists) to study the
instrument’s sound without the need of building pricey replicas but also for
non-specialists such as the museum visitors’ where such an application will
enrich their experience. The user is able to alter the geometrical features of
the instrument and hear the generated sound without the need of building
replicas which is a time consuming and pricy procedure. We highlight the
simulated techniques for four classes of wind instruments (Aulos, Plagiaulos,
Syrinx, and Salpinx) using the DSP (DWGs) method and five classes of string
instruments (Phorminx, Chelys, Barbitos, Kithara, and Trigonon) using a
hybrid method based on DSP (DWGs) and FEM (solving in the Time Domain).
The application allows the real-time interaction with the selected class of the
digital instrument, the alteration of its parameters (i.e., geometrical features),
and its 3D visual representation.

Acknowledgments

This research has been co-financed by the European Regional Development Fund
of the European Union and Greek national funds through the Operational Program
Competitiveness, Entrepreneurship, and Innovation, under the call RESEARCH-
CREATE-INNOVATE (project MNESIAS: “Augmentation and enrichment of cul-
tural exhibits via digital interactive sound reconstitution of ancient Greek musical
instruments” code: TIEDK-02823 / MIS 5031683).

GEORGIOS KOUROUPETROGLOU, SPYROS POLYCHRONOPOULOS,
KONSTANTINOS BAKOGIANNIS

Department of Informatics and Telecommunications
National and Kapodistrian University of Athens
koupe@di.uoa.gr, spyrospoly@di.uoa.gr, kostasbako@di.uoa.gr

433


mailto:koupe@di.uoa.gr
mailto:spyrospoly@di.uoa.gr
mailto:kostasbako@di.uoa.gr

G. Kouroupetroglou, S. Polychronopoulos, K. Bakogiannis

REFERENCES

ALMEIDA A., VERGEZ C., CAUSSE R. 2004, Experimental investigations on double reed quasi-
static behavior, in Proceedings of the 18% International Congress on Acoustics (Kyoto
2004), International Commision for Acoustics, II, 1229-1232.

ALMEIDA A., VERGEZ C., CauUssE R. 2007, Quasistatic nonlinear characteristics of double-
reed instruments, «The Journal of the Acoustical Society of America», 121, 1, 536-546.

ARraMAKI M., BENsA J., DAUDET L., GUILLEMAIN P., KRONLAND-MARTINET R. 2001, Resyn-
thesis of coupled piano string vibrations based on physical modeling, «Journal of New
Music Research», 30, 3, 213-226.

ASKENFELT A., JANSsON E. 1993, From touch to string vibrations. 1Il. String motion and
ifedm’ «The Journal of the Acoustical Society of America», 93, 4, 2181-2196 (https://

01.0rg/10.1121/1.406680).

Auvray R., FABRE B. 2016, Specific features of a stopped pipe blown by a turbulent jet: Aero-
acoustics of the Panpipes, «The Journal of the Acoustical Society of America», 139, 6,
3214-3225 (https://doi.org/10.1121/1.4953066).

Avanzini F, Canazza S., DE PoLr G., Fantozzi C., PRETTO N., RODA A., ANGELINI 1.,
BerTINESCHI C., DEOTTO G., FARESIN E. et al. 2015, Archaeology and virtual acoustics
- A Pan flute from ancient Egypt, in Proceedings of the 12* International Conference
in Sound and Music Computing (SMC 2015) (Maynooth 2015), 31-36 (https://doi.
org/10.5281/zenodo.851067).

Bakogiannis K., PoLrycHrRoONOPOULOS S., MARINI D., KourouPETROGLOU G. 2020,
ENTROTUNER: A computational method adopting the musician’s interaction with
the instrument to estimate its tuning, <IEEE Access», 8, 53185-53195 (https://doi.
org/10.1109/ACCESS.2020.2981007).

BakoGIiaNNis K., POLYCHRONOPOULOS S., MARINI D., KourouPETROGLOU G. 2021, Audio
Enhancement of Physical Models of Musical Instruments Using Optimal Correction
Factors: The Recorder Case, «Applied Sciences», 11, 6426 (https://doi.org/10.3390/
app11146426).

BELLIA A. 2015, The virtual reconstruction of an ancient musical instrument: The aulos of
Selinus, in G. Guipi, R. ScoriGno, ].C. TorRrES, H. GRAF (eds.), Proceedings of the
Digital Heritage International Congress (Granada 2015), IEEE, 2, 20-22 (https://doi.
org/10.1109/DigitalHeritage.2015.7413833).

BENADE H. 1990, Fundamentals of Musical Acoustics, New York, Dover Publication.

BENSsA J., BiLBao S., KRONLAND-MARTINET R., SMITH J., VOINIER T. 2005, Computational
modeling of stiff piano strings using digital waveguides and finite differences, «Acta
Acustica United with Acustica», 91, 2, 289-298.

BERNERS D.P. 1999, Acoustics and Signal Processing Techniques for Physical Modeling of
Brass Instruments, Ph.D. Thesis, Electrical Engineering Department, Stanford University.

BiLBao S. 2009, Numerical Sound Synthesis: Finite Difference Schemes and Simulation in
Musical Acoustics, Chichester, John Wiley & Sons Inc.

BiLBao S., SMITH J.O. 2003, Finite difference schemes and digital waveguide networks
for the wave equation: Stability, passivity, and numerical dispersion, «IEEE Trans-
actions on Speech and Audio Processing», 11, 3, 255-266 (https://doi.org/10.1109/
TSA.2003.811535).

BisNnovaTtyr L. 2000, Flexible software framework for modal synthesis, in Proceedings of
COST-G6 Conference on Digital Audio Effects (DAFx-00) (Verona 2000) (https://arxiv.
org/pdf/cs/0103006.pdf).

BoriN G., DE Por1 G., SARTI A. 1992, Algorithms and structures for synthesis using physical
models, «Computer Music Journal», 16, 4, 30-42.

CARLSON M. 1996, Applications of finite element analysis for an improved musical instru-
ment design, in Proceedings of the MSC 1996 World Users’ Conference (Los Angeles
1996), 1-20.

434


https://doi.org/10.1121/1.406680
https://doi.org/10.1121/1.406680
https://doi.org/10.1121/1.4953066
https://doi.org/10.5281/zenodo.851067
https://doi.org/10.5281/zenodo.851067
https://doi.org/10.1109/ACCESS.2020.2981007
https://doi.org/10.1109/ACCESS.2020.2981007
https://doi.org/10.3390/app11146426
https://doi.org/10.3390/app11146426
https://doi.org/10.1109/DigitalHeritage.2015.7413833
https://doi.org/10.1109/DigitalHeritage.2015.7413833
https://doi.org/10.1109/TSA.2003.811535
https://doi.org/10.1109/TSA.2003.811535
https://arxiv.org/pdf/cs/0103006.pdf
https://arxiv.org/pdf/cs/0103006.pdf

Augmentation and enrichment of cultural exhibits

CArRPENTER T.G.E. 2012, Developing an Audio Unit Plugin Using a Digital Waveguide Model
of a Wind Instrument, M.Sc. Thesis in Acoustics and Music Technology, Edinburgh
College of Art, University of Edinburgh.

CHANAUD R.C. 1970, Aerodynamic whistles, «Scientific American», 222, 1, 40-47.

Cooxk P. 1992, A meta-wind-instrument physical model, and a meta-controller for real-time
performance control, in Proceedings of the International Computer Music Conference
(San Jose, California, 1992), Michigan Publishing, 273-276 (http://hdl.handle.net/2027/
spo.bbp2372.1992.072).

Cooxk P. 1991, Thone: An interactive waveguide brass instrument synthesis workbench for the
next machme in Proceedin, f of the International Computer Music Conference (Montreal
1991),297- 299 (http://hdl.handle.net/2027/spo.bbp2372.1991.069).

CzyZEWSKI A., JAROSZUK J., KosTEk B. 2002, Digital waveguide models of the Panpipes,
«Archives of Acoustics», 27,4, 303-317.

DE La CuaDRrA P. 2006, The Sound of Oscillating Air Jets: Physics, Modeling and Simulation
in Flute-Like Instruments, Ph.D. Thesis, University of Stanford.

EckeL G. 1995, Sound synthesis by physical modelling with modalys, in Proceedings of the
International Symposium on Musical Acoustics (Durdan 1995), 478-482.

ErkuT C., KARJALAINEN M. 2002, Finite difference method vs. digital waveguide method in
string instrument modeling and synthesis, in Proceedings of the International Symposium
on Musical Acoustics (Mexico City 2002), 9-13.

FABRE B., GILBERT J., HIRSCHBERG A. 2018, Modeling of wind instruments, in R. BADER
(ed.), Handbook of Systematic Musicology, Berlin, Springer, 121-139 (https:/doi.
org/10.1007/978-3-662-55004-5_7).

FLeTrcHER N.H., RossiNG T.D. 1998, Materials for musical instruments, in N. FLETCHER,
T. ROSSING (eds.), The Physics of Musical Instruments, New York, Springer, 711-734
(https://doi.org/10.1007/978-0-387-21603-4_22).

G1orDANO N., GouLp H., TOBOCHNIK J. 1998, The physics of vibrating strings, «Computers
in Physics», 12, 2, 138-1435 (https://doi.org/10.1063/1.168621).

HAGEL S. 2004, Calculating auloi: The Louvre aulos scale, in E. HICKMANN, R. EICHMANN
(eds.), Studien zur Musikarchdologie, 4, 373-390.

HAGELS. 2008, Re-evaluating the Pompeii auloi, «The Journal of Hellenic Studies», 128, 52-
71.

HAaGEeL S. 2009a, Ancient Greek Music: A New Technical History, Cambridge, Cambridge
University Press.

HAGEL S. 2009b, Reconstructing the Hellenistic professional aulos, in M.C. MARTINELLI
(ed.), La Musa dimenticata. Aspetti dell’esperienza musicale greca in eta ellenistica,
Pisa, Edizioni della Normale, 227-246.

KARJALAINEN M., ErkuT C. 2004, Digital waveguides versus finite difference structures:
Equivalence and mixed modeling, <EURASIP Journal on Applied Signal Processing»,
7, 978-989 (https://doi.org/10.1155/S1110865704401176).

KARJALAINEN M., SmiTH J.O. 1996, Body modeling techniques for string instrument syn-
thesis, in Proceedings of the 22" International Computer Music Conference (Hong
Kong 1996), Michigan Publishing, 232-239 (https://quod.lib.umich.edu/i/icmc/
bbp2372.1996.072/1).

KARJALAINEN M., VALIMAKI V., JANOSY Z. 1993, Towards high—%uality sound synthesis of
the guitar and string instruments, in Proceedings of the 19" International Computer
Music Conference (Tokyo 1993), Michigan Publishing, 55-63 (https:/quod.lib.umich.
edu/i/icmc/bbp2372.1993.010/1).

Koumartzis N., Tzerzis D., Kyratsis P., Kotsakis R.G. 2015, 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 (https://doi.org/10.1080/09298215.2015.1106563).

435


http://M.Sc
http://hdl.handle.net/2027/spo.bbp2372.1992.072
http://hdl.handle.net/2027/spo.bbp2372.1992.072
http://hdl.handle.net/2027/spo.bbp2372.1991.069
https://doi.org/10.1007/978-3-662-55004-5_7
https://doi.org/10.1007/978-3-662-55004-5_7
https://doi.org/10.1007/978-0-387-21603-4_22
https://doi.org/10.1063/1.168621
https://doi.org/10.1155/S1110865704401176
https://quod.lib.umich.edu/i/icmc/bbp2372.1996.072/1
https://quod.lib.umich.edu/i/icmc/bbp2372.1996.072/1
https://quod.lib.umich.edu/i/icmc/bbp2372.1993.010/1
https://quod.lib.umich.edu/i/icmc/bbp2372.1993.010/1
https://doi.org/10.1080/09298215.2015.1106563

G. Kouroupetroglou, S. Polychronopoulos, K. Bakogiannis

Kurke L. 2000, The strangeness of “song culture”: Archaic Greek poetry, in O. TAPLIN
(ed.), Literature in the Greek and Roman Worlds: A New Persective, Oxford, Oxford
University Press, 58-87.

MiranDA E. 2002, Computer Sound Design: Synthesis Techniques and Programming, Oxford,
Focal Press.

MURRAY P., WiLsoN P. 2004, Music and the Muses: The Culture of “Mousike” in the Classical
Athenian City, Oxford, Oxford University Press.

NORELAND D., KERGOMARD J., LaLOE F., VERGEZ C., GUILLEMAIN P., GUILLOTEAU A. 2013,
The logical clarinet: Numerical optimization of the geometry of woodwind instruments,
«Acta Acustica united with Acustica», 9, 4, 615-628.

Perov P., JounsoN W., PErova-MEeLLo N. 2016, The physics of guitar string vibrations,
«American Journal of Physics», 84, 1, 38-43 (https://doi.org/10.1119/1.4935088).

POHLMANN E., WEST M.L. 2001, Documents of Ancient Greek Music: The Extant Melodies
and Fragments, New York, Oxford University Press.

PorycHrONOPOULOS S., Kougias D., PoLykarPOU P., SKARLATOS D. 2013, The use of res-
onators in ancient Greek theatres, «Acta Acustica United with Acustica», 99, 1, 64-69.

PoLycHRONOPOULOS S., MEMOLI G. 2020, Acoustic Levitation with Optimized Reflective Meta-
materials, «Scientific Reports», 10, 4254 (https://doi.org/10.1038/s41598-020-60978-4).

PorycaroNoPOULOS S., MARINT D.; Bakogiannis K., KourourETROGLOU G., PsArROU-
DAKES S., GEORGAKI A. 2021, Physical Modeling of the Ancient Greek Wind Mu-
sical Instrument Aulos: A Double-Reed Exciter Linked to an Acoustic Resonator,
«IEEE Access», 9, 98150-98160 (http://doi.org/ hyperlink: https://doi.org/10.1109/
ACCESS.2021.3095720).

PsAROUDAKES S. 2000, The Arm-Crossbar Junction of the Classical Hellenic Kithara. Music
Archaeology of Early Metal Ages, in Studien zur Musikarchdologie, 2, 263-278.
PSAROUDAKES S. 2002, The Aulos of Argithea, in Studien zur Musikarchdiologie, 3,10, 335-366.
PSAROUDAKES S. 2008, The Auloi of Pydna, in Studien zur Musikarchdologie, 6,22,197-216.
PSAROUDAKES S. 2010, The Hellenistic side flute and the Koile-Athens instrument, in D.
CastaLDO, FE.G. GIANNACHI, A. MANIERI (eds.), Rudiae: ricerche sul mondo classico,

Galatina, Congedo, 519-554.

PSAROUDAKES S. 2013a, The Daphné Aulos, «Greek and Roman Musical Studies», 1,93-121
(https://doi.org/10.1163/22129758-12341239).

PSAROUDAKES S. 2013b, An organological study of the three musical instruments (aulos, che-
lys, trigonon) from the “Tomb of the Poet™ in Daphne of Attica, John S. Latsis Public
Benefit Foundation.

RABENSTEIN R., TRAUTMANN L. 2001, Digital sound synthesis by physical modelling, in S.
LoNCARIC, H. BABIC (eds.), Proceedings of the 2" International Symposium on Image
and Signal Processing and Analysis (Pula 2001), IEEE, 12-23 (https://doi.org/10.1109/
ISPA.2001.938598).

RicHARDSON B.E., ROBERTS G.W. 1985, The adjustment of mode frequencies in guitars: A study
by means of holographic interferometry and finite element analysis, in A. ASKENFELT,
S. FELICETTE, E. JANSSON, ]J. SUNDBERG (eds.), Proceedings of the Sound and Music
Acoustics Conference (Stockholm 1983), Royal Swedish Academy of Music, 285-302.

RoaDps C., STRAWN J. 1996, The Computer Music Tutorial, Cambridge, MA, USA, MIT Press.

Rossing T.D. 2010, The Science of String Instruments, New York, Springer.

SAFA E., BARREAU J.B., GAUGNE R., DucHEMIN W., TaLMA ]J.D., ARNALDI B., DumonT G.,
GouraNTON V. 2016, Digital and handcrafting processes applied to sound-studies of
archaeological bone flutes, in M. ToANNIDES, E. FINK, A. MorROPOULOU, M. HAGE-
DORN-SAUPE, A. FrRESA, G. LiIEsTOL, V. Rajcic, P. GRUSSENMEYER (eds.), Digital Her-
itage. Progress in Cultural Heritage: Documentation, Preservation, and Protection. 6"
International Conference, EuroMed 2016 (Nicosia 2016), Berlin, Springer, 184-195
(https://doi.org/10.1007/978-3-319-48496-9_15).

436


https://doi.org/10.1119/1.4935088
https://doi.org/10.1038/s41598-020-60978-4
http://doi.org/
https://doi.org/10.1109/ACCESS.2021.3095720
https://doi.org/10.1109/ACCESS.2021.3095720
https://doi.org/10.1163/22129758-12341239
https://doi.org/10.1109/ISPA.2001.938598
https://doi.org/10.1109/ISPA.2001.938598
https://doi.org/10.1007/978-3-319-48496-9_15

Augmentation and enrichment of cultural exhibits

ScAVONE G. 1997, An Acoustic Analysis of Single-Reed Woodwind Instruments with an Em-
phasis on Design and Performance Issues and Digital Waveguide Modeling Techniques,
Ph.D. Thesis, Stanford University.

ScavoNE G. 2018, Delay-lines and digital waveguides, in R. BADER (ed.), Springer Handbook
of Systematic Musicology, Berlin, Springer Verlag, 259-272.

SERAFIN S., SMITH J.O. 2000, A multirate, finite-width, bow-string interaction model, in Pro-
ceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00) (Verona
ngOO), 207-210 (http://www.dafx.de/paper-archive/2000/pdf/Serafin_Stefania_paper.
pdf).

SmrTH J.O. 2002, Principles of digital waveguide models of musical instruments, in M. KAHRS,
K. BRANDENBURG (eds.), Applications of Digital Signal Processing to Audio and Acous-
tics, Boston, Springer, 417-466 (https://doi.org/10.1007/0-306-47042-X_10).

SmrtH ].O. 2004a, Equivalence of the digital waveguide and finite difference time domain
schemes, «The Journal of the Acoustical Society of America», 116, 4, 2563 (https://doi.
org/10.1121/1.4785237).

SmirtH J.O. 2004b, Virtual acoustic musical instruments: Review and update, «Journal of New
Music Research», 33, 3, 283-304 (https://doi.org/10.1080/0929821042000317859).

Stancru M.D., VLASE S., MARIN M. 2019, Vibration analysis of a guitar considered as a
symmetrical mechanical system, «Symmetry», 11, 6, 727 (https://doi.org/10.3390/
sym11060727).

TerzEs C. 2013, The Daphné harp, «Greek and Roman Musical Studies», 1, 1, 123-149
(https://doi.org/10.1163/22129758-12341240).

TeRrZES C. 2020, Musical instruments of Greek and Roman antiquity, in T. LyNcH, E. Roc-
CONI (eds.), A Companion to Ancient Greek and Roman Music, John Wiley & Sons,
Inc., 213-227 (https://doi.org/10.1002/9781119275510.ch16).

TZzEVELEKOS P., GEORGAKI A., KOUROUPETROGLOU G. 2008, HERON: A zournas digital vir-
tual musical instrument, in S. TSEKERIDOU, A.D. CHEOK, K. GIANNAKIS, J. KARIGIANNIS
(eds.), Proceedings of the 3" International Conference on Digital Interactive Media in
Entertainment and Arts (Athens 2008), Association for Computing Machinery, 352-359
(https://doi.org/10.1145/1413634.1413698).

VALIMAKI V., Savioja L. 2000, Interpolated and warped 2D digital waveguide mesh algorithms,
in Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00) (Verona
2000), Verona, Dipartmento Scientifico e Tecnologico, Universita di Verona, 183-188.

VALIMAKT V., TARALA T. 1996, Virtual musical instruments. Natural sound using physical
models, «Organised Sound», 1-2, 75-86.

VASSILANTONOPOULOS S.L., MourjorouLos J.N. 2003, A Study of ancient Greek and Roman
theater, «Acoustics, Acta Acustica united with Acustica», 89, 1, 123-136.

WOLFE ]. 2018, The acoustics of woodwind musical instruments, «Acoustics Today», 14, 1,

ABSTRACT

A significant number of Ancient Musical Instruments (AMIs) are exhibited in archaeo-
logical museums all over the world. Organized sound (music and songs) was the prominent
factor in the process of both formulating and addressing intellectual activity and artistic
creation. Thus, the way AMIs sound is a key element of study for many scientific fields such
as anthropology, archaeology, and archacomusicology. Most of the time, the excavated instru-
ments are not in % ood condition and rather fragile to move around (in order to perform studio
recordings or exhibit them). Building replicas was the only way to study their performance.
Unfortunately, replicas are not trivial to build and, once built, not modifiable. On the other
hand, digitally simulated instruments are easier to build and modify (e.g., in terms of geome-
try, material, etc.), which is a rather important feature in order to study them. Moreover, the
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audio stimulus and the digital interaction with an AMI through a Graphical User Interface
would give more engagement and knowledge to the museum’s visitor. In this work, we show
the simulation methods of wind (classes: Aulos, Plagiaulos, Syrinx, and Salpinx) and string
(classes: Phorminx, Chelys, Barbitos, Kithara, and Trigonon) Greek AMIs and the relevant
built-applications useful to scientists and broader audience. We here propose a user-friendly,
adaptable, and expandable digital tool which reproduces the sound of the above classes of
AMIs and will: a) allow the museum scientists to create specific Auditory Virtual Musical In-
struments and b) enrich the experience of a museum visitor (either in situ or on line) through
a digital sound reconstruction and a 3D visual representation of AMIs, allowing real-time
interaction and even music creation.
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