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2] et ne pas satisfaire compktement leurs exigences en terme de gjie.
En consquence, il y a un besoin de mieux caractriser les anchad'aide d'indicateurs
objectifs qui epondent aux attentes des musiciens.

Une quantie importante de descripteurs des proprees physiques de I'anche aek pro-
pose dans la literature, mais il nemerge pas de candidats clairspour decrire la qualie
des anches. Une grande varee de techniques de mesure pour caraetser les anches a
et documentee. La plupart de ces techniques sont statiques owibroacoustiques, du fait
de la dicule d'observer I'anche en situation de jeu. Neanmoins , ealiser les mesures
en situation de jeu s'approche de la situation dans laquelle les musiens percoivent les
dierences de qualie des anches.

Cette these propose de nouveaux outils de mesure qui peuvent &rappliglesa la carac-
erisation des anches. En patrticulier, I'objectif est de rendre possible la mesure en situa-
tion de jeu. Ces outils sont un bec instrumeng, qui permet la mesure du ceplacement
de l'anche et de la dierence de pression de part et d'autre de l'arthe, et une bouche
arti cielle, qui cherchea imiter le jeu d'un musicien de fec on contrélable et epetable en
méme temps que permettant une installation facile et rapide de l'ache.

Le document se structure autour de deux articles. Le premier, Estimation of saxophone
reed parameters during playing, est le sujet du Chapitre 2 et il est puble dans le journal

Journal of the Acoustical Society of America[3]. Le deuxeme, \ Comparison of real and
arti cial playing of a single-reed instrument using an arti cial mouth”, est soumis au
journal Acta Acustica united with Acustica et il est presene au Chapitre 4.






4], and it is
during their evolution that the mouthpiece separates from the body ard that they are
made of other materials. The most commonly used reeds come from the plarundo
donax L. [5].

The Arundo donax L. grows in many regions across the globe and favours Mediterranean
climates. It is common in France, India, China, South Africa, England, Spin, Australia
and the south of the United States. The Var region, in France, is the main aea of
commercial exploitation for the production of reeds for musical instruments.

Among the elements that constitute the musical instrument, the reed presents the most
variability due to its biological origins. Each reed exhibits individ ual properties that

may or may not satisfy player's expectations p, 7]. In addition, the reed is subject
to changes produced by external factors during its life time 8], and it deteriorates
with use. In particular, reeds are sensitive to moisture and tempeature conditions.

As an alternative, some manufacturers o er synthetic reeds, which ty to imitate cane

reeds while ensuring stability. Di erent reed materials exist today such as plastic or
composites, but the use of synthetic reeds is still in developmén

After a process of growing, selection and curing, the cane is cut to pduce the reeds
[4]. Reed makers cut the cane and prole it to a particular shape. All reed from
the same template have identical thickness, and are sorted according their strength
using a mechanical sti ness measurement. Clarinet and saxophone pfars can choose
among di erent reed brands, shapes and strengths. Usually the musian adapts the
reed strength to the mouthpiece tip opening. Dierent reed shapesproduce distinct
timbres [9]. The conundrum is that reeds of the same brand, cut and strength may b
considered subjectively as di erent by musicians 2]. The commercial classi cation of
reeds does not entirely satisfy the musicians' demand of quality.  consequence, there is
a need to better characterise reeds with objective indicators thatrespond to musicians'
expectations.



3]. The second one, \Comparison of real
and arti cial playing of a single-reed instrument using an arti cial mouth", is submitted
to Acta Acustica united with Acustica and is presented in Chapter 4.

The manuscript is organised as follows: Chapter 1 contains the state of # art concern-
ing the topic of this research, Chapter 2 presents the developmenbf the instrumented
mouthpiece and a method for the estimation of equivalent reed paramets in playing
conditions, Chapter 3 explains a measurement campaign for reed characteation using
subjective and objective approaches, Chapter 4 describes the ddepment of the arti-
cial mouth and its comparison with a musician's playing, and Chapter 5 details the
conclusions and perspectives of the work.



10]. This process is schematized in Figl.1

The instrument is usually divided into exciter and resonator. The reed-mouthpiece-lip
system forms the exciter, and the body of the instrument (the boré the resonator. The
reed, coupled to the musician's lip and the mouthpiece, acts as a pssure-controlled
valve [11, 12]. The pressure excess produced by the musician tends to closket reed.
This kind of valve was classi ed by Helmholtz as an inward-striking reel. It participates

5



1.1). It expresses the
reaction of the system to an excitation as a function of the frequency (agular frequency
I in Eg. 1.1). When the exciter is coupled to the air column, the resonances of th air
column are excited, generating waves inside the resonator.

Prmp (!

z(1)= U"(’!()): (1.1)
The player interacts with both the exciter and the resonator in order to control the
sound [L3, 14]. The musician controls the blowing pressure and the embouchureyhich
involves the placement and muscular action of the lip on the reed. Thes parameters,
blowing pressure and lip position, are the main control parameters of tke exciter of the
instrument. The musician's lip and the mouthpiece are intrinsic parts of the exciter. The
player also has an active control of the resonator through the ngering, whit adapts
the impedance of the instrument and varies the oscillation frequenies of the air column
from note to note. The musician can a ect the tuning of the instrument to some extent
with the blowing pressure, the embouchure and also with the inteaction of the vocal
tract with the instrument, although this last is not considered in th is model. In the
oscillation loop, part of the energy is lost (heat) and part is radiated (sourd), giving a
feedback of the produced sound to the player, who may vary the contil parameters to

obtain the desired sound.

The reed dynamics are usually modelled as a damped mass-spring oktibr. The model
of the one-degree-of-freedom oscillator is given in Eql.2.



1.2, the variable y is the reed displacement (note that it is negative), and P (t) is
the pressure di erence across the reed as a function of time. It is gen by the di erence
of the pressure in the musician's mouthPy, and the pressure inside the mouthpiecd
(see Fig. 1.2). The parameters K, R and M are respectively the equivalent sti ness,
damping and mass of the reed per unit of area. The reed displacement irest position
is 0 and the closed position isl H. The lip imposes the rest position of the reed (see
Fig. 1.2).

1.3, where is the air density
[15].
= P (1.3)

The volume velocity Ui, is obtained from the particle velocity multiplied by the cross
section of the channel, of widthw and varying with the reed position y. This considers
that the particle velocity is uniform in the cross section of the chamel and that the cross
section is rectangular [L6]. The Eq. 1.4 supposesP,, Pmp andy ! H.

S

Un=wH+y) u=wH+y) > (1.4)

The volume velocity as a function of the pressure di erence can beasily approximated
neglecting the reed dynamics and substitutingy = * K P in Eq. 1.4, as shown in Eq. 1.5.
This function is represented in Fig. 1.3.



1].

In this gure, it can be seen that at the beginning, the ow rises from zero to a maximum

with increasing blowing pressure. After this maximum, the ow decreases until zero. At
this point, the reed channel closes completely. This point is charaerised by the closing
pressureP. = KH . In the increasing part of the curve, the conductance of the system
(obtained as the rst derivative) is positive, meaning that the reed acts as a resistance to
the air ow. However, in the decreasing part of the curve, the condut¢ance is negative
and the reed acts as an acoustic generator. In this part of the curve, the gemation

of self-sustained oscillations is possiblelfl]. As a result, the threshold pressure for the
beginning of the auto-oscillations is the maximum of the characteristicU( P), which

is at 3Pc, ignoring losses 17].

The role of the resonator in the ow entering the instrument is included through the
impulse response functionh, obtained as the inverse Fourier transform of the input
admittance (1=Z, with Z the input impedance in Eg. 1.1). The volume velocity U, as
a function of time is expressed in terms of the impulse response and the pressure in
the mouthpiece Py, as given in Eq. 1.6.

Un =[h  Pmp](t): (1.6)

The reed also produces an air owU,, impulsed by its vibrating equivalent surface S; .

U =Sy (1.7)

The total incoming volume ow in the instrument is given by



1.2, 1.4, and 1.8 [18] is known as the three-equations
lumped model of the single reed instruments. A simpler versions the two-equations
model composed by Eq.1.5and 1.8. The reed is in some way considered in each equation
of the model, hence its importance in the physics of the sound of the @odwinds.

1.1.2 Physical models of the reed

The diverse physical models of the reed used in di erent works areliscussed here. The
models are ordered from those with lower dimensions and fewer variag$ to those of
increasing complexity. Note that all the models are presented in thereference frame
presented above (and the most extensively used in the literaturg so some of them do
not appear as written in the given citation. The context and relevance of hese models
are discussed further in this text, in x2.2.

1.1.2.1 Lumped models

The simplest reed model is the low-frequency model where theeed is considered a
spring. A pressure di erence P excites the reed, which is characterized by an e ective
sti ness by unit of area K, and results in the reed tip displacementy (Eq. 1.9).

Ky =! P; (1.9)

As explained in x1.1.1, this simple model permits to obtain auto-oscillations of the air
column of the instrument [19].

A more complete model is the damped mass-spring oscillatorl(], where the terms
corresponding to the equivalent masdM and equivalent damping R are added.

My+ Ry+ Ky =1 P: (1.10)
Some maodi cations of this model can be done in order to include the lipreed-mouthpiece
interactions.

The e ect of bending of the reed on the lay of the mouthpiece was modé&td by Chatzi-
ioannou et al. [20] as a conditional contact force, written in form of a power law. This



1.11 to write a non-
linear spring model.

Ky ! K¢(by! yeo) =1 Py (1.11)
where K. and are power-law constants and the non-linear part is written

( .
byt ye= Y Yo T Y SYe (1.12)
0 ity v

In Eq. 1.12 vy, is the displacement value below which the power law becomes acgv
They used this non-linear sti ness in the damped mass-spring osliator of Eq. 1.10

The action of the player can also be included in the reed model of Eql.10. Ducasse
[21] proposed to consider the reed parameters as functions of the reed ptish (see Eq.

1.13. In this model, the parameters K (y) and M (y) are primarily related to the reed

density and longitudinal exibility and they also depend on the geometry of both the

reed and the mouthpiece, taking into account the bending of the reean the lay of the

mouthpiece (with varying parameters, di erently to Chatziioannou [ 20]). The damping

R(y) is considered to be mainly produced by the lip, so that the reed s considered a
highly-damped reed. The reed by itself is lightly damped and it terds to oscillate at its

resonance frequency (producing a squeak) but the damping introaced by the lip allows

the player-instrument system to oscillate at the resonance fregency of the resonator
[22]. Ducasse proposed to include the action of the musician's tongue (in &cks) by

adding a damped mass-spring term. This translates into a variable masin Eq. 1.13

All the parameters are considered to be dependent of the reed positiow, in order to

take into account the curling of the reed on the mouthpiece.

dm
MWW+dyf+RWM&wa=! P: (1.13)
On the other hand, Chatziioannou et al. [23] included the action of the tongue by

varying the parametersM (y), R(y) and H in the attacks. They used this description to
compare tongue-separated tones and pressure-separated tones.

1.1.2.2 Beam models

The reed can also be modelled as a beam. The di erential equation of th&ransverse
vibrations of an isotropic and homogeneous beam clamped at one end and driven lan



24]. It is presented in Eq. 1.14

AD v 2®

ot st F (1.14)

where is the mass density of the beamA is the cross-sectional area (assuming rectan-
gular cross section thenA = b w, with b the beam thickness andw the beam width),
Y is the Young modulus and is the radius of gyration. For a beam with rectangular
cross section, = b=p 12.

Damping can be included in Eq. 1.14 by adding the term in the rst part of the equation
(see Eq.1.15.

Gy  _@y_ @y | _.
Aat Rar | YA getF (1.15)

where R is the damping per unit length.

The reed is thinner in the tip than in its shoulder. This variation of the beam thickness
can also be considered in the model. The di erential equation of a noruniform clamped
beam is given in Eq.1.16

@y

@y _@y , @
+R ! ey

A (X) at @t_ ' @3

Y A(x) ? + F; (1.16)
where the cross sectiorA(x) is variable thus the thicknessh(x) is a local variable. Then,
the radius of gyration (x) is also a local variable. This description of the reed was used

by Stewart et al. [25] and Sommerfeld et al. 26].

In order to take into account the interaction of the reed with the mouth piece, Stewart et
al. [29] proposed to use varying functions for the reed mass and damping. Somnfeld
et al. [26] used a varying function for the damping to take into account the role ofthe
musician's lip as a damper.

The internal viscoelastic losses can be included as proposed by dah&i et al. [27].
Completing this model with the damping, Avanzini et al. [28] proposed the model given
in Eq.1.17.

@ @y

@, @y _, @
@t @%

A(X) @% R@t —@%

YAX) 2 1+ + F; (1.17)
where the coe cient represents the magnitude of the internal viscoelastic losses and

r accounts for damping of the surrounding uid.



28] as a linear spring exerting
an elastic force in the region of application of the lip and by an increase of ta damping
r in this region. The reed-lay interaction was de ned as a contact force hat acts
in the prole of the lay of the mouthpiece yjay (X). The resulting force relating the
pressure di erence across the reed and the reed tip displacemerd linear for low-level
displacements and non-linear for large displacements. This was repsented with a power
law by Chatziioannou et al. [20] in the previous lumped model (Eq. 1.11). Another result
of this numerical experiment was that the reed does not smoothly cdrup onto the lay
of the mouthpiece, but a discontinuity appears. They de ned the variable \separation
point" as the point of contact between lay and reed that is closest to thetip. The
separation point evolves with the amplitude of the reed displacemen{so that the free-
moving surface of the reed changes) and presents an abrupt change, ingpig that some
reed-lay collisions may occur before the reed tip reaches the layf the mouthpiece.

In the beam-type models, the torsional modes of the reed and the e dcof the ridge in
the vamp of the reed can also be taken into accountZ9{ 31].

1.1.2.3 Plate models

Some models take into account geometry of the reed vamp, i.e., the fachat the reed
is thinner in its borders than in its heart.

Guimezanes 82] used a nite-element thick-plate model of the reed to perform amodal
analysis of the vibration of the reed alone. He considered di erent vamp po les and
di erent mechanical parameters in order to observe their role in small vibrations of the
reed.

Casadonte B3] used a Midlin thick-plate equation describing the reed and incliding the
lip and the teeth, and performed a modal analysis of the system. He sintated the
scraping of the reed in di erent points by varying the reed thickness in the simulation.

Ducasse 29 performed a modal simulation of the reed installed on a mouthpiece and
observed the ten rst modes of the reed, stating that the torsional malels may be a ected
by the contact with the lay of the mouthpiece and limiting the validi ty of the model.

1.2 Reed characterisation methods

Multiple methods have been applied to the experimental charactasation of reeds. This
section summarizes di erent measurement techniques for reeds ilaboratory or playing



34]. They used a reed
hardness (compliance) tester, measuring the compression of the matal when pressing
with a spring, and a customized sti ness tester, measuring reed idplacement (produced
with a weight-beam) and restoring force of the reed (measured with atsain gauge). A
classi cation of a set of reeds by an expert musician in playing condibns was compared
with the objective classi cations of the reeds using the previous nethods, showing that
the sti ness measurement is a better indicator than the hardnessdr the ease of playing.

Optical methods have been applied to the study of the reeds' behaour and quality.
Pinard et al. [35) related the vibrational modes of the reed, installed on a mouthpiece
and excited with a loudspeaker, to the quality of the reed as assessdyy two professional
musicians. They suggested that the presence of symmetry in the rstorsional mode
could be an indicator of musical quality, as well as the proximity between the second
torsional mode and the second exural mode. They repeated the expeaments for dry and
wet reeds, obtaining lower frequencies for the wet reeds but theame trends. Taillard
et al. [36] compared holographic measurements with numerical simulations to pnade
a statistical model describing the mechanical properties of the red. Stetson B7] used
digital holography to compare the vibrational modes of cane reeds and synthi reeds
of di erent brands. He showed that the fundamental modes of cane reedie above the
range of playing frequencies of the instrument, whereas those of siretic reeds do not.
He showed that the synthetic reeds had fundamental frequencies \eer than the cane
reeds, both wet and dry. This is an important assessment of the di erece between
cane and synthetic reeds. He also measured the reed pro les in dynamiconditions
under a static ow by real-time fringe interferometry. He showed that the reed exhibits
some plastic behaviour and that asymmetry in the displacement may beelated to poor
musical quality. Picart et al. [38], [39] used digital Fresnel holography to study the reed
behaviour under forced excitation, using a loudspeaker, and under da-oscillations,
using an arti cial mouth. They showed that the reed, in auto-oscillating regime in a
clarinet, exhibits a square-like displacement and that strong immacts are seen in the
closing of the reed. These works by Stetson and Picart et al. provide sasurement



40] measured electromagnetic impedance of the reed in magnitude
and phase using planar electromagnetic sensors and provided a prelinary classi cation
of reeds. The method is a non-intrusive one, but the relation of the povided classi cation
of reeds with standard classi cations of reeds is not studied and the wfulness of the
measurements is undetermined.

Anatomical indicators of the reeds quality have also been searched uginmethods in
Biology. Casadonte B3] detailed that the cane reed tissue has a thin outer part (epider-
mis), a middle part ( bre band) and a thick inner part (inner cortex ). The epidermis
and the bre band are separated by small vascular bundles. The inner cdex contains
stem tissue (composed by parenchyma cells) and larger vascular burefl. The vascu-
lar bundles comprise three tissues: xylem, pholem and sclereidthick bre rings). He
repeated experiments done by Veselakdfl], obtaining weak statistical correlations be-
tween musical quality and the size of parenchyma cells, the size ohe vascular bundles
and the number of broken or twisted bre rings. Kolesik et al. [42] used confocal laser
scanning microscopy to determine the relation between anatomical progrties of the reed
and their musical performance, showing that good musical performanceas related to
a high proportion of vascular bundles with continuous bre rings, and bundles with a
high proportion of bre and low proportion of xylem and pholem. Glave et al. [43] per-
formed nuclear microprobe analysis and scanning electron and light miascopy, nding
non-concluding statistical relations with the fundamental levels ofthe elements Si, P, S,
Cl, K and Ca with the quality of the reed material. Kawasaki et al. [44] used di erent
microscopic biomechanical measurements to characterise two reeds diferent musical
quality, reasserting that it is linked to cane with continuous vascuar bundles and ho-
mogeneous bre rings. They observed also that the measured Young modug was lower
for the reed classi ed as higher in strength by the manufacturer, without being able
to explain this inconsistency. Kemp et al. B5] performed microstructural analysis of
slices of cane and also measured the internal friction using vibro-acatic excitation in
order to study their evolution under mechanical loading and moisture gcling, aiming
to reproduce the musicians' use of the reeds. The internal fridgbn was found to be
dependent on frequency, moisture and cyclic loading. Microstructwal cracks appeared
in the fatigue cycles and in the moisture cycles due to local di eraces in swelling be-
haviour, contributing to increase the decrement values at high frguencies. They found
statistically signi cant correlations between logarithmic decrement and vascular bundle
orientation at 700 Hz (p-value= 0:0435) and logarithmic decrement and parenchyma
cell diameter at 1000 Hz (p-value= 00259). How the measurements performed by the
previous authors B3, 41{ 43] determine the response of the reed in playing conditions is



45 seem more conclusive. Kemp
et al. also measured an important di erence of the vascular bundle orietation within
one part of a cane stem, which is a plausible evidence of the variabijitof reeds.

Mechanical characterisation methods have also been applied to the wtly of reeds. Lord
et al. [46] measured the Young modulus and the loss tangent depending on frequey for
sections of dry and wet tube cane using a shaker and ultrasonic transdecs, and com-
pared the results with a theoretical model. The dynamic elastic poperties of the reed
have been measured using mechanical methods by Marandas et ak7]. He proposed
to measure and model viscoelastic behaviour for dry reeds and visclgstic behavior
for wet reeds, the measurement of the reeds Young modulus beingsu cient for their
classi cation. The experiments consisted in measuring the recueration time for a dis-
placement produced using a lever. This work showed that the elagt description of
the reed seems insu cient to account for the reed mechanics. The ect of extractives
and di erence of humidity on cane reed were studied by Obataya et al.[48] measuring
the Young modulus and the internal friction using a vibrational method. They showed
that the extractives enhanced the sti ness of the dry part of the reed and increased the
internal friction at high frequencies under relatively high humidity. The e ect of humid-
ity on cane reed tubes has been studied by Akahoshi et al.4P] measuring the Young
modulus, loss tangent and resonance frequency from an impact on the cane cuising
a laser. They observed that the Young modulus and the loss tangent deeased and
the resonance frequency increased along wet-dry cycles. Thesddances of the di erent
properties of the dry and wet reed were extrapolated to conclude that he reed in playing
situation, moist by the musician's saliva, is mechanically di erent to the dry reed. These
results are in the same line that those obtained by Pinard et al. 35 and Kemp et al.
[45]. Pinard et al. [35 measured the impact of the wetting of the reeds on their modal
response using wet reeds directly measured after a musician usteem. Kemp et al. [45]
used arti cial wetting conditions, highly controllable, but with no reference of the real
wetting in playing conditions.

Guimezanes 82l measured the thickness pro le of some reeds, observing strong der-
ences between them and also asymmetries for each reed. He comparedreHacoustic
measurements of these reeds under small oscillations to adjust maniyakthe parameters
issued from numerical modal analysis. He showed that the Young modukiand the shear
modulus are functions of the thickness of the reed, instead of global vables. Gazen-
gel et al. [b0] used a vibro-acoustic bench containing a loudspeaker and a microphone
to measure compliance, resonance frequency and Q factor of the reed tugh modal
analysis. Their results showed that the di erences in compliancein a set of 50 reeds



1.1.2 the mechanical parameters of the reed by itself di er from the
equivalent parameters of the lip-reed-mouthpiece system in playng conditions. Further-
more, the way to include the musician's gesture in the model is an wsolved question.
Some researchers have developed experimental methods in order teeasure the reed
dynamics in playing conditions for the estimation of the equivalent reed parameters or
the monitoring of the musical gesture. Some of these works provided gight in the
physical modelling of the musical gesture and in role of the vocal tracbor the tonguing.

Boutillon and Gibiat [ 51] obtained the linear stiness of the reed by measuring the
pressure inside the mouthpiece while playing, and knowing themhpedance of the instru-
ment from a previous measurement. Chatziioannou and Walstijn 20] used a mouth-
piece instrumented with three microphones to measure the presse and the ow in the
mouthpiece. From these measurements it was possible to estimate ¢hparameters of
the non-linear harmonic oscillator with damping and inertia. Wang et al. [52] proposed
a convex optimisation method to estimate the ngering of the played note and the reed
sti ness from measured impulse responses of the saxophone and a radidtgressure
measurement, though they did not focus in the sti ness measuremen These studies
considered a physical model of the entire instrument and not only tke reed, requiring
some approximations.

Concerning the attack and the tonguing, Chatziioannou et al. R3] used a strain gauge
installed on the reed to measure the deformation of the reed during aitulations. Li et
al. performed measurements of di erent types of attack using an instumented mouth-
piece B3l. Their measurements showed that tonguing prevented or stopped ta reed
vibration and allowed to increase or maintain the blowing pressure abee the oscillation
threshold, managing faster attacks orstaccatos Their results agreed with the musical
intuition of the musicians participating in the study (the notion of os cillation threshold
may be intuitively known by musicians). Also, the measured decaytime of tongue-ended
notes were similar to those calculated from the bandwidths of the bore @sonances. In
this study they measured the reed deformation but not displacement Instead, measuring
the reed displacement would allow relating the physical model and tie musical gesture.



54] reproduced di erent attacks in an arti cial mouth to investigate
how blowing pressure, lip force, and tonguing parameters a ect trangents. Their results
showed that large tongue force and acceleration produce more rapid changes iow,
starting notes sooner after the tongue release and also increasing théitd harmonic
during the transient. They showed a hysteresis region on the presure-lip force diagram,
where regenerative oscillations were not produced spontaneously bydreasing blowing
pressure only, and where tongue action initiated sustained notes at lovpressure.

Concerning the estimation of playing parameters, Petiot et al. P] used two microphones
to measure the pressure in the saxophone bell and inside the musici's mouth. They

studied the relation of the estimated playing parameters with the sibjective charac-
terization of a set of reeds. Two musicians played a set of 20 reeds, cging out two

sessions with ve repetitions of a pattern of notes. The obtained objetive parameters
were related to the results of subjective tests with a panel of 10 msicians, producing
a predictive model. The advantage of the measurements in playing cdatitions is that

the authors were able to measure in realistic conditions with respedo the assessing of
reeds' quality naturally performed by musicians, but the method has the disadvantage
of introducing variability due to the musicians' gesture.

The role of the vocal tract on the played notes has also been studied. Msurements by
Chen et al. [b5 and Scavone et al. $6] showed that for low pitch the oscillations are
controlled by the impedance of the instrument whereas for high pitctes, specially in the
altissimo register, the oscillations are controlled by the impedance of the vocatract.
Adjustments of the vocal tract also allow the musician to produce throat glissandi as
shown by Fritz [57] and Chen et al. p8]. Di erent measurement techniques to measure
the vocal tract resonances have been summarized by Wolfe et al59).

1.2.3 Correlation between subjective and objective characterisa tion of
reeds

The assessment of the musical quality or the search for descriptors ofnhbre are typical

issues in Musical Acoustics. In particular, some research concernke description of the
woodwinds timbre or the reeds' quality. There have been attemps to relate some of the
objective measurements presented in the previous sections to sjective classi cations

of reeds according to their quality. In this section, an overview of he subjective classi-
cation of reeds and the correlations with objective measurements in gtic or dynamic

conditions is presented.



60{ 65].
Some other works are focused in the perception of the sound of the musicinstrument
[14, 66, 67] and some concern simulated musical sound$6§. Regarding woodwinds,
Gridley [69] studied the description of the saxophone sound using di erent adjetives,
Kendall et al. [70] studied the verbal attributes of simultaneous wind instruments, and
Nykanen [71] used verbal attribute magnitude estimation and principal component aral-
ysis to identify the perceptual dimensions of verbal attributes describing the saxophone
sound. Barthet et al. [72] studied the correlation between timbre, timing and dynamic
descriptors and the dissimilarities between simulated clarinetones with di erent control
parameters or recorded expressive performancegd.

In the reed characterisations performed by Pinard et al. B5] or Stetson [37], one or two
expert musicians classi ed the reeds as good or bad. In the work by Pird et al., a
set of 24 reeds was classi ed in four categories of musical quality (from \wey poor"” to
\very good") by two expert musicians. Both testers mostly agreed on theclassi cation
of the reeds. There seemed to be a relation between the quality of threeds and the
holographic observation of a strong rst torsional mode and a minor di erence between
the second exural and torsional modes. In this work, they did not perform a statistical
analysis of the observed relationships to quantify these correlationsThe generalization
of the results needed further tests with a greater number of reedsStetson 37] compared
the displacement of a good and a mediocre reed under a static ow, slwing that the
displacement presented stronger asymmetries for the mediocre ed than for the good
one. However, he only used two reeds and this statement requires ggematic study. In
the works by Pinard et al. and Stetson, the relation between the modal esponse of the
reed installed on a mouthpiece and the reed behaviour in playing cadditions is not fully
developed. In the case of the work by Mukhopadhyay et al. 40], one musician rated
in a ten-points scale a set of 25 reeds according to the parameters \ease aftack",
\ease of sustenance"”, and \tone quality" in the low, middle and high registrs of a
saxophone, and then obtained an average parameter. This processing of tltata is
questionable. Only the ratings of 8 among the 25 reeds are given for compaois with
the objective measurements. The authors stated that the average quadili factor is related
to the ratio between the reed impedance and the air impedance, buthe correlation is
not quanti ed. In these works, the musicians were skilled, but the repeatability of the
musicians' assessments of the reeds were not studied to evaluateeih performance as
reed testers.

Casadonte B3] used the descriptors \overall quality" (bad vs. good), ‘timbre' (dark vs.
bright), \strength" (soft vs. hard), \noise" (buzzy vs. uid), \stabi lity" (squeaky vs.
stable) and \acoustic strength" (weak-bodied vs. full-bodied). The reeds were rated for
these descriptors on a one to seven scale by several highly skilletgnet students. He



42]). Kolesik et al. asked two experienced
clarinetists to classify a set of 150 reeds in three categories (\good", Hir" or \bad")
according to their performance in di erent tasks: ability to produ ce a clear tone over the
range of the instrument, ability to produce clear and rapid articulati ons over the range
of the instrument, ability to produce smooth slurs between high ard low notes, ability to
play the note F,4 (clarinet pitch) with the conventional ngering in tune, ability t o play
the note Ag easily in tune, and ability to play without great e ort upward to C5. For the
rest of the work, they retained the 60 reeds classi ed in the same cagories for all the
indicators and for both musicians. They found separable groups of reeds a@sponding
to anatomical features of the vascular bundles in the inner cortex matchg the subjective
classi cation of the reeds (vascular bundles with large, continuous lre rings related to
the category of good reeds).

Obataya et al. [48] used the descriptors \sonority", \richness", \softness", \ease of
vibration" and \response" in scales from 1 (poor) to 5 (excellent). Their panel of musi-
cians was constituted of 32 professional clarinetists and the reeds weten commercial
reeds. The tests were performed before and after changing the wateiotent or the
extractives content of the reeds in three subsets. The descripts \sonority”, \richness"
and \softness" decreased under water extraction, and the glucose impgmation seemed
to recover the original values of these descriptors and decrease thease of vibration"
and \response". Their results suggested that the tone quality of the red was degraded
with the removal of extractives. It seems that they averaged the evalations of the 32
musicians in order to obtain these results. The large amount of musicias participating
in the study is an added value of this research, though it would be inteesting to analyse
the performance of the panel of musicians.

Gazengel et al. p0] used the descriptors \ease of playing”, \brightness", \roundness",



2].

Petiot et al. [2] used the descriptors \softness", \brightness" and \global quality" for
saxophone reeds. The panel of musicians was constituted of 10 musiciansdatine set of
reeds had 20 individuals. The subjective tests included a traimg phase and an evalua-
tion phase on a continuous scale. The tests were repeated twice. A canmgnce analysis
using Principal Component Analysis showed more agreement in the \softass" (54.6%
of variance on the rst component) than in the \brightness" (29.3% of variance on the
rst component) and in the \global quality" (29.2% of variance on the rst compo-
nent). While the musicians were concordant for \softness" and \brightness", subgroups
appeared for the descriptor \global quality”, which is the descriptor expressing the pref-
erences of the saxophonist. Objective playing parameters (thresid pressure, Spectral
Centroid, etc) obtained by two musicians were related to the subjetive characterisation
of the reeds through data modelling to establish a predictive modeof the reed quality.
They concluded that objective measurements of less variability, okdined for example
with an arti cial mouth, may improve the reed classi cation through a p redictive model.

The quality indicators used in the previous works were chosen accordg to musical
practice and intuition. Though the subjective characterisation of the reeds in these
studies agrees with these criteria, no scienti ¢ support is prowded for any of the par-
ticular choices. Works speci cally concerning the study of the vebal attributes and the

selection of the subjective descriptors of the quality of the reed ave not been found.



74] used this kind of device to perform stroboscopic observa-
tions of a reed, mounted on a mouthpiece and connected to a clarinet. Ithis device,
the lip consisted in a rubber pad tightened by a screw simulating he teeth. They ob-
served the motion of the reed during a complete cycle: the reed reamns closed for half
of the complete cycle, and it remains approximately motionless at the psition of maxi-
mal aperture for roughly a quarter of cycle. They also observed squeaksssociated to
transverse modes of oscillation.

In 1961, Backus [5] used an arti cial mouth in which the acoustic pressure inside the
mouthpiece was measured with a microphone and the displacement of the of the reed

was observed by means of a photoelectric method. In this case, thedth and lip were

reproduced using a brass wedge with a piece of neoprene foam. The admupressure and
reed tip displacement signals were obtained, though they were not cdlrated. Backus
measured the sound level inside the mouthpiece for soft tones (arountb0 dB) and loud

tones (around 166 dB), and inside the blowing chamber (around 30 dB lowethan the

pressure inside the mouthpiece). The reed tip displacement nasurements obtained by a
photoelectric method con rm the stroboscopic observations by McGimis et al. Backus
observed the reed behaviour for di erent lip con gurations, notes and dynamic levels.
For soft tones, the pressure inside the mouthpiece is sine-shapgdhile for louder tones
it is more squared-shaped.

Wilson et al. [22] investigated the possible modes of operation of a reed-resonant-
tube system as a function of the reed damping. They used an arti cial moth with a
simpli ed cylindrical mouthpiece. The reeds of the study were netal reeds of di erent
lengths. Damping variations of the reeds were achieved by attaching nehardening
Perma-gum to the reeds. They showed that the system resonates at theube mode



12] used an arti cial mouth to measure the playing frequency and a di erent
device to measure the resonance of the reed alone. Comparing both measoments,
he studied the role of the reed resonance on the tone production of thelarinet. He
found that the reed frequency contributes to the amplitude of harmorics when the
frequencies match. He also performed measurements in playing caitidns, showing
that the musician can adjust the reed resonance frequency from 2 to 3Hz.

Bak et al. [76] measured the relation between blowing pressure and playing fopiency
in an arti cial mouth. A system enabling the control of the lip force on th e reed, the
application point of the force and the damping of the lip was used, and the wing
pressure and the acoustic pressure in the mouthpiece were measdreThey observed
that the playing frequency increases with the blowing pressug for a given lip force.

Van Zon [77] and Gilbert [ 78] used a prototype of arti cial mouth developed by Meynial
[79. A hot wire measured the ow velocity at the entry of the reed channel and an
optical system measured the reed tip opening. The distance of the artial lip to the
reed tip and the force of the lip on the reed were controlled, but neiber of these variables
could be measured. Later, this prototype of arti cial mouth was used by Gazngel B(]
and Ollivier [81]. In the work by Ollivier, the arti cial lip consisted of a cylindr ical latex
balloon of small diameter (1 cm) in which a piece of foam saturated with wagér was
inserted. The pressure di erence between the inside and the dside of the mouthpiece
was measured with a di erential pressure sensor, and the reed sliipening was measured
with a laser beam and a photoelectric diode. In order to detect the ontact of the reed
with the lay of the mouthpiece, he used a mouthpiece with electc contacts on the
lay and a digital-to-analog converter. The measurement showed that, folow blowing
pressures, the reed oscillates freely, for higher pressures,l@ans on the mouthpiece and
the tip oscillates freely, and for even higher pressures, the reetip rebounds against
the mouthpiece before the middle part of the reed makes contact with he mouthpiece.
These kinds of reed behaviours have been also discussed by Du@af9], Gazengel 80]
and Walstijn [82].

Idogawa [B3] and Kobata [84] used an arti cial mouth for clarinet equipped with a semi-

conductor pressure gauge measuring the mean blowing pressure, a miphone measuring
the mouthpiece pressure, an optoelectronic system measuring tireed tip displacement,
and a hot wire anemometer measuring the ow velocity at the entry of the reed chan-
nel. They studied the di erent vibrational states of the clarinet f or di erent blowing

pressures, reed openings at the equilibrium (imposed by the lipand lengths of the reed
inserted into the blowing chamber (and respectively lip distarce to the reed tip, as the



85| attained
the quasi-static conditions by increasing the losses of the instrumnt lling the resonator
with ber glass. Ollivier [ 81] and Dalmont et al. [16] achieved the same goal by using a
diaphragm upstream in the resonator to increase the losses and attaching aadditional
mass to the reed. Two pressure sensors on each side of the diaphragm a#a them
to measure the air ow. For this experience, they used a Plasticogr synthetic reed.
This same arti cial mouth could also work in dynamic conditions by removing the mass
on the reed and the diaphragm at the entry of the resonator. Later, Dalmont et al
[86] used the arti cial mouth in quasi-static and dynamic conditions to in vestigate the
oscillation and extinction thresholds of the clarinet. Munoz Aran®n et al. [87] used an
arti cial mouth with a longer or a shorter resonator to control the losses and achieve
either quasi-static or dynamic excitation of the reed.

Mayer [88] developed an arti cial mouth and tested the response of two synthett reeds
(Plasticover and Fibracell) and a cane reed. He compared the response§the synthetic
reeds and the response of the natural reed in wet and dry conditions. Hehswed that
the dry reed needs slightly higher pressure and twice as much lipantact pressure to
oscillate.

Bergeot et al. [89] used a pressure-controlled arti cial mouth [90], equipped with a servo-
valve, to study the dynamic oscillation thresholds of the clarinet and the appearance
of bifurcations. The closed-loop pressure control allowed them to mgulate the blowing
pressure time pro le with high precision. This same principle wasused in the arti cial
mouth employed by Doc et al. P1] to study the in uence of the control parameters
and the bore inharmonicity in the oscillation regimes of the alto saxophone In this



16] of the non-linear characteristic of the exciter relating
the maximal ow and the maximal pressure in the entry of the reed chanrel allowed
them to estimate the control parameter ‘'maximal aperture of the reed' fom the direct
measurements of input ow and blowing pressure in the arti cial mouth. The parameters
maximal aperture of the reed and blowing pressure were used as contrplarameters.
They showed that quasi-periodic oscillations appear when inharmonity exists, and that
the change of the control parameters can strongly modify the modulation fequency, even
if the inharmonicity is constant. Ferrand et al. [92] showed that the dynamic pressure
obtained in the arti cial mouth as a function of the blowing pressure strongly depends
on the embouchure con guration, in coherence with the results obtaind by Dalmont et
al. [86].

Arti cial mouths can also be used for the testing of musical instrumerts, as did Noreland
et al. [93]. They optimized numerically the tone hole geometry of a clarinet, bt a
prototype, and tested it with a mouthpiece and a Plasticover reed inan arti cial mouth.

Another use of arti cial mouths is their application the development of mechanical
musicians, also including ngering systems and eventually an articial tongue. Solis
et al. [94] have gathered some references. In that work, the principle of the \Aseda
saxophonist, with anthropomorphic design, is explained. The arti cial lip of the Waseda
robot [95] is made of a thermoplastic rubber, and a T-shaped metallic pin is usk to

mimic the teeth. Almeida et al.[96] developed a mechanical clarinetist with robotic
ngers and an arti cial mouth to perform an automatic cartography of the produc ed
sound as a function of the blowing pressure, the lip force on the reednd the position of
application of the lip on the reed. In this arti cial mouth, a leak valve i n the air-tight

chamber and a servo-tongue are included to precisely control di erehmusical attacks.

The arti cial lip is a layer of exible plastic pushed against the reed by a rigid, curved

plate controlled by two servo-motors forcing the plate onto the reed fom its extremities
and controlling its force and position by their relative action. The authors plot the

constant-frequency lines and constant-intensity lines in the claracteristic lip force vs.
blowing pressure for the measured playing range. Their repeatabil tests showed that
the calibration of the control parameters is very sensitive to small clanges in the reed,
the mouthpiece and the initial position of the lip.

In a later model [97] of this arti cial mouth, the arti cial lip was replaced by a rect-

angular prism of polyurethane foam with three engraved lines enablingte installation
of a steel bar hanging a mass and applying a constant force on the reed. Thgsiem
was used to explore how the arti cial-mouth control parameters (blowing pressure, lip



22)), and
the short-bite embouchure requires lower forces, produces weakhigher harmonics and
less stable frequency. With respect to the in uence of the reedsti ness, they found
that a sti er reed restricts the range of frequencies that may be phyed with a given
ngering, and that squeaks are produced for moderate values of lip force hile they are
not produced for softer reeds. They obtained also experimental conmation of the reed
fatigue: the reeds become softer with their use. Using this same artiial mouth with an
arti cial tongue controlled by a lever with a mass, Li et al. [ 98] showed that the use of
the tongue allows accessing the lower threshold pressures obtainéu decreasing sense
when hysteresis exists even in increasing pressures.

Arti cial mouths have also been developed for the study of brass instuments [99], human
voice [100, 107 or double reed instruments [, 107.

Almeida et al. [1] used the same principle than Dalmont et al. 6] to measure the
quasi-static characteristic of double-reed instruments in an adaptd arti cial mouth.
Grothe [10Z investigated the in uence of the control parameters (blowing presure and
lip force on the reed) on the produced frequency, and characterizethese embouchures
through the reed parameters estimation obtained from the non-linear chaacteristic of
the instrument. The lip is mounted on a load cell such that the integral force exerted
to the lip can be measured. This arti cial mouth operates both in quasi-static and in
dynamic conditions.

In the majority of the aforementioned works, the arti cial mouth is set in a given con-
guration for the all measurements, generally one characterised by a sasifying sound.
This criterion is subjective and should be substituted by objecive foundations. Only
some authors 83, 97] characterised the complete working range of the arti cial mouths
leading to oscillations. The repeatability of the measurements usig arti cial mouths is
not quanti ed in the previous works. Furthermore, the comparison of the measurements
produced with an arti cial mouth with the real playing of a musician h as never been
done.

The use of arti cial mouths makes it possible to measure the reed dispcement in
playing conditions using optical methods (laser, viborometer, etg that cannot be used in
real playing conditions. Concerning the control parameters of the articial mouths, it is

clear that one of the parameters is the blowing pressure, but the paramters describing
the embouchure are less consensual and harder to measure. Some authose ueed tip



32] compares the response of a
musician's lip with the response of arti cial lips.

In these arti cial mouths, the reed remains enclosed in a cavity andis hardly accessible.
Most of the works used synthetic reeds, which are more resistant andable in time. In
some cases, authors used wet cane reeds. However, the humidity of theed is di cult
to control and measure, and they vary with the ambient conditions (this was done, for
example, in [1]).

1.4 Summary

The behaviour of the reed in playing conditions has been describeid the literature using
many physical models. However, the experimental observation of theeed behaviour
remains challenging. Measurement techniques of di erent nature hee been applied to
objectively characterise the reed, but most of them cannot be used iplaying conditions
or require physical approximations. Although many descriptors have ben proposed, no
clear candidates to describe reed quality have emerged. The use oftiasial mouths
facilitates the observation of the reed in playing conditions. Howeve the similarity of
the arti cial excitation of the reed with the real playing is not assessed in the literature.



3], and two comple-
ments. The motivation of this study is the need to characterise the ehaviour of reeds in
playing conditions, in order to better understand their perceived di erences in quality.

The article presents an instrumented mouthpiece that measures te reed displacement
and the pressure dierence across the reed in playing conditionsand a method for
the estimation of equivalent reed parameters. The system is appliedo a cylindrical
resonator and one reed. The displacement measurement uncertaintiege studied and
their repercussion on the estimated parameters is assessed usinf/lante-Carlo method.
Reed models of di erent complexity are implemented, and their acaracy is compared
for di erent dynamic levels.

The rst complement to this article ( x2.9) presents the application of the method, val-
idated for one reed and a cylindrical resonator, to measurements using saxophone
and a set of 20 reeds in order to study the accuracy of the physical modelof the reed
behaviour in this instrument.

The second complement X2.10) is a qualitative comparison of measurements using the
instrumented mouthpiece for di erent musical gestures of a semipofessional saxophonist
and a beginner, with pedagogic interest. This work was presented in tB symposium
\Learning and Teaching Music in the Twenty-First Century: The Cont ribution of Sci-
ence and Technology" 103.

The Computer-Aided Design drawings of the instrumented mouthpiee are given in Ap-
pendix A of this document. The principle and conditioning of the displacemat sensors

27



B. The explicit implementation of the reed models for the parameter sti-
mation is explained in Appendix C.

It is important to note that the reference frame used in the physicalmodel in the article

is not the one used in Chapterl. In this case, the reed displacement is positive and it
varies from 0 (closed reed position) toH (maximal opening). The reason of this change
is that it allows taking into account the fact that the maximal aperture of the reed is
a slowly varying function depending on the musician's embouchure The reed position

y = 0 must not be mistaken with the rest position of the reed.






2] and also
intonation. This variance is usually considered as a major drawback by [ayers and also
manufacturers, who would like to minimize it.

Di erent approaches have been pursued to understand or minimize hese variances, but
today this remains a big issue. Reed makers have developed dient experimental
systems to characterize the static sti ness of reedsl04, 105. Some manufacturers o er
musicians special packaging in order to keep the reed at a constant hydmetry rate.

Researchers have explored di erent ways to understand the linkbetween the physics of
reeds and the musicians' perception of their quality. It seems thatho system measuring
the static sti ness of the reed has been presented in the scient literature. Dierent
researchers have developed measuring devices in order to obsethe reed movement
while excited by an arti cial mouth. Dalmont et al. [ 16] developed a measuring device
to characterize the quasi-static sti ness of a reed mounted on a mouthiece and excited
in an aeraulic manner. Other researchers have characterized the vibacoustic behavior
of reeds using acoustic excitation. Obataya48] characterized cane reed plates cut from
cane tubes using an acoustic excitation and estimated the Young modufiand loss factor.
Pinard et al. [35], Facchinetti et al. [31] and Taillard [ 36] studied the vibration modes of
reeds using optical holography. They showed that the reed alone exhits many vibration
modes without any lip acting on it. The analysis of these modes allows stimating the
properties of the cane reed material. Gazengellpg proposed measuring the vibration
response of reeds mounted on a mouthpiece with and without an arti cial ip using
a displacement sensor, addressing the relationship between theed, the mouthpiece
and the musician's lip together to fully understand the reed behavor. This experiment
enabled the observation of the rst four modes of the reed but the reslis varied with
the reed hydrometry and the estimated parameters were not repeatableFinally, some
experiments have also been conducted on reeds played using an arial mouth. Idogawa
[83] showed that it is possible to measure the displacement of the reetip as a function
of the pressure, but he did not estimate any equivalent parameters oftte reed. Using



38] showed that the reed movement
at the reed tip is complicated and di erent phenomena occur when tte reed is open or
closed on the mouthpiece.

In all the works mentioned above, the reed was characterized under artial excitation,
and no direct measurement of the reed movement was done in real playg conditions.
It seems that the main di culty is in characterizing the reed equi valent parameters in
playing conditions.

The aim of the work presented here is to estimate the reed parameter® playing con-
ditions. It uses an instrumented mouthpiece based on previous delgments [107, 10§
and on di erent physical models employed in the literature. The performance of this
mouthpiece and the performance of an estimation method which gives nuarical val-
ues of equivalent parameters of the reed obtained during a real playop situation are
assessed. Di erent physical models describing the reed behiawv in growing complexity
are implemented to obtain the reed parameters by inverse estimationThe quality of the
estimation enables an assessment of the models describing the releehavior in playing
conditions.

Section 2.2 presents the state of the art of the study of single reeds behavior. $don 2.3

presents the di erent models that are used for explaining the red displacement, includ-

ing non-linear models describing the fact that the reed bends againghe mouthpiece

lay. Section 2.4 describes the instrumented mouthpiece by introducing the inplemented

sensors and calibration techniques. This section concludes with exnples of the measure-
ments taken in playing conditions. Section2.5 explains how the equivalent parameters in
the model can be estimated from the measured signals. The convergenard the accu-
racy of the estimation method are also discussed. In SectioR.6, some results obtained
for di erent dynamic levels are given. The order of magnitude of the ree parameters is
also provided and the relevancy of the physical models is discusseFinally, Section 2.7

presents conclusions and perspectives of this work.

2.2 State of the art

In this section, the classical models describing the reed behar by means of mechanical
parameters are presented. Dierent experimental methods emplged to obtain reed
parameters are summarized afterwards.



75] observed the reed motion and the pressure inside the mouthpiece
in arti cial playing conditions on a blowing machine, however, no magnitudes or physical
models are presented in this work. The reed is stated to be sti nes controlled, and a
phase shift of the reed displacement with respect to the presseris observed. It is
hypothesized that this shift is produced by the reed mass. In 1963, Baais proposed a
small-vibration theory of the clarinet [ 109 in which the reed is characterized by a Single
Degree Of Freedom (SDOF) oscillator. Di erent e ects of the deformation of the reed
on the lay of the mouthpiece are observed by Backus, but the modellig of these e ects
is not considered.

Simpli cations of the SDOF oscillator are extensively used in the literature. Nederveen
[110 proposed to neglect the mass of this model, as the frequency of theae is typ-
ically 10 times higher than the playing frequency in the low regiser. Kergomard [19]
proposed to neglect mass and damping to simplify the model, studyig the generation
of auto-oscillations of the musical instrument. This allowed the authors to discuss the
relationships between initial conditions, transients, steady-sate regimes, stability, spec-
trum and player's control of the instrument. This same approximation was used by
Boutillon and Gibiat [ 51] to measure the sti ness of the reed in real and arti cial condi-
tions through the reactive power balance approach. In fact, when auto-ostiations begin
(beginning of the transient), the low level approximation of the harmonic oscillator is
always valid, assuming the oscillations of the instrument are sine shped [L7, 85, 97].

The role of the reed damping in the operation of the clarinet (for the linear oscillator
model) was studied by Wilson and Beavers22]. They showed that for heavily damped
reeds such as those of the clarinet, the instrument plays at the lowregister of the
instrument bore and not at the natural frequency of the reed. Theory andmeasurements
were compared by using an arti cial blowing machine to excite a simpi ed reed-cylinder
system. Silva et al. fL1]] systematized and improved this work to study the oscillation
threshold and the emergence of instability. ldogawa §3] performed measurements of
reed characteristics in a dynamic regime with a synthetic reed monted in an arti cial
mouth, observing some damping.

The e ects of the reed resonance on the spectrum of the instrument ere studied by
Thomson [12] and later by Fletcher [13], adopting the linear oscillator model with mass,
damping and sti ness.

Stewart and Strong [25] proposed a functional model of a simpli ed clarinet in which
the beating of the reed on the mouthpiece can be taken into account, desbing both
the small and large amplitude reed oscillations. They modeled the rekas a clamped



26] used
this same model to investigate the in uence of the player's vocal tact while playing.
They developed a system that enables the measurement of the displament of the reed
in playing conditions.

The need for describing the curvature of the reed on the lay of the mothpiece was
argued by Hirschberg [L5]. Ducasse 112 described this e ect by taking into account a
non-linear sti ness. Experimental evidence of this non-linear st ness was provided by
Dalmont et al. [16], showing that the reed rolls up after a mainly linear regime.

Avanzini and Walstijn [ 28] used a distributed model to simulate the reed, considered
as a non-uniform clamped-free bar, also taking into account the role of th lip in the
reed motion by adding a conditional stiness and damping. They found a nonlinear
sti ness and a separation point in the reed bending on the lay of the mothpiece, whose
experimental evidence was shown by Dalmontl6] and Ollivier [81]. Avanzini and Wal-
stijn [ 113 stated that the linear oscillator model can only be used for small amplitides,
where the interaction between the reed and the mouthpiece lay is @t signi cant, and
they proposed a non-linear sti ness depending on the variable free oving surface of the
reed.

The non-linearity of the sti ness was proposed to be modeled by a coritional power law
by Bilbao [114], inspired by hammer-string interaction. This formulation was adopted
by Chatziioannou and Walstijn [20] to estimate the clarinet reed parameters by inverse
modelling.

Picart et al. [38] used an arti cial mouth equipped with a digital holography system to
measure the reed tip displacement as a function of time. Results shved that, during
the closing, the reed strikes the mouthpiece strongly, and during e opening, the reed is
subjected to exural modes combined with torsion modes. Such moes cannot be taken
into account by the 1-D models cited above. Chatziioannou 30] proposed a 2-D model
of the reed and the lip interaction which is not used in this work.

2.2.2 Experimental characterization of the reed

Some researchers have suggested characterizing the reeds by usstgtic or dynamic
methods. In most of these experiments, synthetic reeds were ad, as they are easier to
play arti cially.



104, 105, and some other specic systems are used by
craftsmen.

In contrast with the measurements presented above, some authors hawused aeraulic
measurements to study the reed while it is installed on a mouthpiee. One characteriza-
tion of the reed consists in determining the reed non-linear sti ness. For this, Dalmont
[16] and Ferrand [115 measured the di erent physical quantities (pressure drop P, vol-
ume ow velocity U and reed displacementy) in a quasi-static manner. Their results,
obtained for a Plasticover reed (reed recovered with a Im of plastt) and a Fibracell reed
(cells lled with resin), showed that the quasi-static characteristic of the reed obtained
on a measurement bench has a linear part and a non-linear part, and exhits some hys-
teresis. Observations indicated that the expected characteristi of a reed is a non-linear
stiness, a priori due to the bending of the reed against the lay of the mouthpiece.
Almeida [1] compared these results to the equivalent ones obtained for double eels.

Some authors B5, 36, 48] have characterized the mechanical response of the reed using
di erent vibroacoustic benches. In all these cases, the reed was eited with an acoustic
eld at a low level (100 to 110 dB SPL) compared with the level measured ina clarinet
or saxophone mouthpiece (140 to 160 dB), leading to very low displacemesni{some m ).
Gazengel 106 used a measuring bench, a tenor saxophone mouthpiece and an arti cial
lip placed on the reed. The physical quantities considered in thistudy are the acoustic
pressure in the mouthpiece (created by a loudspeaker) and the redib displacement. An
algorithm based on a least mean squares method was used to estimate thealent reed
parameters (equivalent mass, sti ness and damping for mode 1). The ®d parameters
obtained at di erent dates with this bench did not show a good repeatablity. This
suggests that the mechanical properties of reeds change signi cantly ev time due to
environmental e ects, as experienced by musicians. These timevolving mechanical
characteristics of reeds were also found by Marandasl al. [47] and Taillard [ 36].

However, reed behavior in static regime and low-level dynamic regim is not the normal
behavior while playing. In playing conditions, the reed is instaled on a mouthpiece,
and the interaction of the reed with the player must also be considezd. Some studies
have tried to reproduce playing conditions arti cially, at high ex citation level (140 to
160 dB SPL). Backus [f5] presented the principle of an arti cial mouth approximating
the playing conditions of a clarinet, allowing the observation of the gessure inside
the mouthpiece and the reed displacement. In this very rst work, no calibration of



109 to provide some values for the quality factor of the reed and the
resonance frequency. Thompsonlp] used an arti cial blowing machine to produce auto-
oscillations. A microphone installed in the mouthpiece allowed for tke study of the role
of the reed resonance in the instrument's spectrum.

Boutillon and Gibiat [ 51] obtained the linear sti ness of the reed in arti cial and playing
conditions by measuring the pressure inside the mouthpiece wtelplaying, and knowing
the impedance of the instrument from a previous measurement. Howeyr, the approxi-
mations used in the physical model of the instrument biases this idirect measurement
of the sti ness.

Chatziioannou and Walstijn [20] used a mouthpiece instrumented with three micro-
phones, which made possible to measure the pressure and calculateethow in the

mouthpiece. From these measurements it was possible to estimate ¢hparameters of
the non-linear harmonic oscillator described by a non-linear sti nes with damping and
inertia, in playing conditions.

When aiming to measure the reed parameters, two variables of the modlef the musical

instrument must be measured simultaneously. Such measurementsere only done by
Boutillon [51] and Chatziioannou [20]. In both cases, the whole instrument model had
to be considered in order to obtain the indirect measurement of the eed parameters. In
this work, we propose a system that provides direct measurements dfoth displacement
and pressure di erence, allowing for the study of the reed motion sparately from the

whole instrument model.



2.1

2.0):

Pm, pressure in the player's mouth,
Pmp, pressure inside the mouthpiece,

y, displacement of the tip of the reed (wherey = 0 represents the closing position
andy = H represents the maximal opening of the reed tip). Note thaty is positive
and refers to the aperture of the reed from the closed position to its raximal
opening.

The reference reed model is the harmonic oscillator with inertia ad damping, for which
the motion of the reed in playing conditions can be described by:

My((t)+ Ry(t)+ K(y(t)! H)Y=1 P (t); (2.1)

where
P(t)= Pm! Pmp(t); (2.2)



2.1 shows that the reed is beating for P (t) KH , the closing
pressure beingPc = KH .

To describe the non-linear deformation of the reed on the mouthpiecewe adopt the
power-law sti ness formulation used by Bilbao [114] and Chatziioannou [20], in which
the sti ness of the reed is described by Eq.2.3, substituting the constant K in Eq. 2.1

( ke(ely)
. K Sl it y<ye
nl

_ (2.3)
K if y v

Coecients ke and describe the bending of the reed on the mouthpiece lay (= 2 as
suggested by Chatziioannou2Q]). When the reed reaches the positiory., the power law

characterized byk; and , describing the reed-mouthpiece interaction, becomes active.

The studied models are obtained from Eq.2.1 considering the linear sti ness (models
with subscript | hereafter) or the non-linear sti ness (models with subscriptnl hereafter).
Di erent complexity levels are considered, including the paraméers shown in Table 2.1.
The nomenclature of the models used in the study is also shown in Tde 2.1. For
example, theRK ,, model contains damping R) and non-linear sti ness K. As shown
in Tab. 2.1, this model contains the parametersH, K, R, k¢ and ye.

Table 2.1: Summary of the equivalent reed parameters involved in the physical radels

implemented in this work.

Model name
Ki RK; MRK;, Ky RKp MRK

H X X X X X
» K X X X X X X

T o

28 R - X X - X X

£EE M - - X - - X

28 ko - - - X X X
T ve - - - X X X

2.4 Experimental system

In this section, the experimental system that enables the study ofthe reed motion is

described. Firstly, the general principle is summarized, secatly the calibration of the
sensors is explained, and nally some measurements are shown.



2.2. The model is printed
in nylon (PA12).

Three di erent types of sensor are installed on the instrumented nouthpiece, as shown
in Fig. 2.2

2 pressure sensors (Endevco 8507-C2): one measuring the pressure he musi-
cian's mouth (P, in the physical models), one measuring the pressure inside the
mouthpiece (Pmp in the physical models);

2 photointerruptors (Kodenshi SG2BC) measuring the reed displaceent y on both
sides close to the tip. More details of their implementation are givenin Section
2.4.2

2 accelerometers (accelerometers PCB Piezotronics 352C23 associatedat¢®>CB
Piezotronics 482C Series conditioner), situated next to the lay of themouthpiece,
in order to detect the beating of the reed on the mouthpiece.



2.8). The displace-
ment sensors enable the measurement of the distance from the senstwghe point of the
reed they face. Their position being slightly inside the mouthpiee, they measure both
the displacement of the reed and the deformation of the reed inside # mouthpiece due
to the transverse bending under high blowing pressure, provithg some negative values
for the displacementy (see criterion in Fig. 2.1). This e ect complicates the detection
of the reed channel closing time. The closing time estimation is impved by using
accelerometers to detect when the reed strikes the mouthpiece.

A linear approximation of the sensors' sensitivity is acceptable wihin the reed displace-
ment range in playing conditions as shown in the Appendix 2.8, Fig. 2.6). Under this

approximation, the calibration consists in measuring two parameters:the voltage at the

closing point of the reed and the linear sensitivity of the sensors. Te static calibration

of the sensitivity is carried out with a controlled mechanical systen pressing the reed
towards the mouthpiece and whose displacement is measured by a m@netric screw.
The closing voltage calibration is done while playing by using the acderometers, which
provide better accuracy than the static calibration. This technique minimizes some
phenomena that bias the calibration (see Appendix inx2.8 for more details).

The detection of the closing time can be done while playing if the bating of the reed
against the mouthpiece happensfprte dynamic levels). Two accelerometers positioned
next to the lay of the mouthpiece measure the impact, and the voltage masured by
the photointerruptors at this time can be associated to the closing pant of the reed.
For small amplitude measurements piano), where impact does not happen, the closing
voltage is assumed to be the same as that fdorte, if both dynamic levels are measured
successively. The quanti cation of the uncertainty associated to hese measurements is
presented in the Appendix (x2.8).

The dynamic calibration of the photointerruptors is made by comparison to a displace-
ment sensor Philtec RC62 116 in its linear behavior range, while exciting the reed
on the measurement bench presented by Mufnoz Aran®n8/]. The estimated sensors'
bandwidth is 0-2 kHz.






87]. The use of an arti cial mouth can
provide highly repeatable measurements and access to playing regés hardly maintain-
able by players. In Fig. 2.3(a), a measurement obtained close to the excitation threshold
(pianissimo dynamic level) is presented. In this gure, the measured displaement of
the reed, the pressure di erence between the inside and the stoundings of the mouth-
piece, and the measured acceleration on the mouthpiece are shown. Tls®und level
measured in the mouthpiece is 146 dB SPL. For thepianissimo dynamic level reached
with this set-up, no beating of the reed on the mouthpiece is deteed (Fig. 2.3(a)).
The di erence of pressure is approximately sinusoidal, and so is th displacement of the
reed.

Three dynamic levels piano, mezzoforte and forte) are measured in real playing con-
ditions. For this purpose, the instrumented mouthpiece is instaled on a resonator (a
simpli ed clarinet consisting in a 40 cm long cylindrical pipe with 1.4 cm of inner diam-
eter) and played by a musician. The di erent behavior of the reed n piano, mezzoforte
and forte dynamic levels can be observed in Figure®.3(b), 2.3(c) and 2.3(d) respec-
tively. In these gures, the measured displacement of the reed, He pressure di erence
between the mouthpiece and the musician's mouth and the measured aeleration on the
mouthpiece are shown for the di erent dynamic levels!. In order to ease the comparison
of displacement and pressure di erence, the plots show the prease di erence between
the musician's mouth and the inside of the mouthpiece, which incldes the negative
sign employed in the physical model (see Eq.2.1). Their corresponding sound levels
measured inside the mouthpiece are 153 dB SPL, 158 dB SPL and 162 dB SPL.

In Fig. 2.3(b), some properties of thepiano dynamic level can be seen, for example, the
reed does not reach the closing point and the di erence of pressures icentered in the
static pressure produced by the musician (mouth pressure). Intis dynamic level, the
pressure contains only some harmonics of a square signal. The closer theawscillations
are to the oscillation threshold, the more sinusoidal is the di eren@ of pressure driving
the reed movement L7, 85, 97]. Fig. 2.3(b) shows some deformation of the reed on the
lay of the mouthpiece. This is more easily seen in Fig2.5(b) ( P vs. y plot), which is
presented further below. No impact is detected by the acceleronters.

For the mezzoforte dynamic level (Fig. 2.3(c)), the reed reaches the closing point.
An impact is observed in the acceleration and displacement signals, andhe pressure

!Note that the scales of the displacement and the pressure dierence plots are dierent in each
dynamic level, for readability.



2.3(d)), the reed beats strongly on the mouthpiece
and some negative values for the displacement are obtained, produced llye movement
of the reed inside the mouthpiece due to transverse deformation. &ing impacts are
detected by the accelerometers. Some free oscillations of the reedrcbe seen in the
displacement signal fory = 0:7 mm (this is more easily seen in the P vs. y plot of
Fig. 2.5(d) further below).

2.5 Estimation method

This section presents the method implemented to estimate the @ed parameters. The
estimation method relates the two variables, measured displaceméand measured pres-
sure di erence across the reed, of each of the implemented physicatodels through the
optimization of the model's parameters. The parameters of the model areobtained
through an iterative method. The di erent models presented in Section 2.3 are thus
compared, assessing the relevancy of the models for di erent dynamilevels.

2.5.1 Principle of the parameter estimation method

The general principle of the estimation method is depicted in Fig. 2.4. A reed dis-
placement yqqc is calculated from the measured pressure di erencéPmess through a
given physical model with reed equivalent parameters (K, R, ..., as summarized in
Table 2.1). The method is initialized with a set of parameters . A loop minimizes
the dierence between calculated displacement and measured displacement through
adjusting the reed parameters ,q. The algorithm iterates until producing the optimal
set of parameters ¢g;, and an error function errn of the estimation.

More speci cally, the principle of the implemented method is to minimize the perfor-
mance function P( ) shown in Eq. 2.4 for an N-points window of the signal. The
N -points window of the signal contains 5 whole periods of the stationary patr

The performance function P ( ) is written as

= —1w2k-- 2.4
()—2Nk:1(,), (2.4)

de ned as a function of the error of the modelling






2.10 quantifying the accuracy of the model, and the coe cients quantifying the bias
between the estimated parameters s and the control parameters control (S€€ EQ.2.11).

(%)=100 1! *' (2.11)
control
The mean bias of the parameter estimationh i and the standard deviation  are used
as indicators of the quality of the estimations.

2.5.2.1 Convergence of the estimation method

The normal error errn of the estimation is used as an indicator of the quality of the
estimation. For this study, all the estimations with an error above 5% weae considered
divergent.

The estimation method is sensitive to the input parameters . In order to obtain
convergent estimations, the input parameters must be taken from the otput parameters
of a simpler model estimation: a rst estimation of the parameters of the lower order



The sensitivity of the estimation method to noise can be studied bytaking the initial

parameters of the loop ¢ equal to the control parameters conroi Used to simulate the
input displacement signal. For all the implemented methods, the olained errors were
far below 1%. When adding noise to the input signals (40 dB Signal to Noise &io),

the error of the model errn reached at most 2%.

2.5.2.2 Performance of the parameter estimation

The mean di erence between the control and estimated parameterd i is used as an
indicator of the bias of the estimated parameters.

All parameters are identi ed with a bias far smaller than 1%. For the parameters H, K

and R, the bias follows a Gaussian distribution. However, the parameterK ¢, y. and M

show some inhomogeneity and their standard deviations are larger (their las remaining
under 1%).

2.5.3 Error propagation

Uncertainties in the displacement measurement are not negligible. fiese uncertainties
have been studied when calibrating the sensors (see Appendix ir2.8). A method
to quantify the sensitivity of the estimated reed parameters to these uncertainties is
proposed in this section.

The explicit expressions of the uncertainties of the estimated paameters depending on
the calibration errors cannot be written because of the iterative prirciple of the method.

Therefore, a Monte-Carlo simulation has been performed to quantify his error. Two

cases are studied: beating reed regime (the uncertainty of the clasy point detection

can be reduced by means of the impact detection) and non-beating reeegime (the un-
certainty on the closing point detection is higher because the accelemeter information

cannot be used).

2A Monte-Carlo simulation has been performed to quantify this error. A reference displacement
signal is calculated from a control set of reed parameters and a measired pressure di erence. The reed
parameter estimation method is applied, using di erent input parameters for y. and K. simultaneously.
The standard deviation of the di erence between the estimated parameters and the control parameters
is used as an indicator of the uncertainty of the estimated para meters. When varying y. from 0.01 mm
to 1 mm and K. from 10'° Pa/m 2 to 10'? Pa/m 2, all the uncertainties are lower than 10' & %. However,
when varying K from 10'° Pa/m 2 to 10® Pa/m 2, the uncertainty for y. reaches 0.2 % and forK . 500
%. The uncertainty due to the input parameter Yy is negligible compared to the uncertainty produced
by K.



2.17), de ned from the di erence of these
estimated parameters and the control parameters, is used as an indicator @he uncer-
tainty of the estimated parameters.

The comparison of the errors in the beating reed regime for the di erehphysical models
is presented in Table2.2. The standard deviation of the calibration parameters are 3.2%
for the sensitivity and 0.3% for the closing point detection. The reslts are given in %.

Table 2.2: Standard deviation of the estimated reed parameters in beating reed gme
for the di erent physical models, in %.

Model name
Ki RK;, MRK,; Ky RK, MRKy

H 349 324 333 362 331 3.41
- g K 321 290 299 317 3.06 3.12
% 5 R - 290 2.99 - 3.06 3.13
= % M - - 2.99 - - 3.08
E’ g Kc - - - 6.36 6.22 6.35

Ye - - - 8.36 6.75 7.28

The uncertainties of the parametersH, K, R and M have similar values to the largest
input uncertainty (that of the sensitivity), showing a good esti mation for all the phys-
ical models (standard deviation around 3.2%). However, parameterk. and y. have
uncertainties over 5%, ampli ed by the power law of the non-linear gi ness.

The comparison of the errors in the non-beating reed regime for the di eent models is
presented in Table2.3. The standard deviations of the calibration parameters are 3.2%
for the sensitivity and 4.8% for the closing point detection. The reslts are given in %.

The results of the Monte-Carlo simulation for the non-beating reed rgime show good
accuracy for parametersK and R, with standard deviations around 3.2%. Parameters
ke and y. are not well estimated because they are strongly dependent of the caliétion
of the closing point. This estimation problem also a ects the estimation of the mass of
the non-linear modelMRK , in contrast with the beating reed regime. The calculated
uncertainty in the parameter H is high because in the estimations for non-beating reed
regime, the maximal displacements are extrapolated. However, when takg the value of



2.9).

2.6 Results

The estimation method is applied to the measured signals obtained ingal playing condi-
tions. To perform the measurements, one musician played the instrmented mouthpiece
on a 40 cm long cylindrical pipe. The estimation method is also appliedo the measured
signals obtained with an arti cial mouth [ 87].

The results for di erent dynamic levels are compared: pianissimo in arti cial playing
conditions, and piano, mezzoforteand forte in real playing conditions.

The quality of the estimation of each model is studied in this section The accuracy of
each model to describe the reed-lip-mouthpiece mechanics ingting conditions can be
discussed in view of these results. In this study, the normal ewr errn of the estimation
is used as an indicator of the quality of the model. The errors obtained foreach model
can be seen on Table.4.

Table 2.4:  Normal error errn for each parameter estimation forpianissimo (measured
on arti cial mouth), piano, mezzoforteand forte measurements.

Model name
KI RKI MRKI Knl RKnl MRKnI
errn pianissimo (%) 4.8 3.9 3.7 33 1.8 1.8
errn piano (%) 12.2 8.0 8.0 105 2.6 2.6
errn mezzoforte(%) 22.2 15.2 146 194 6.7 4.6
errn forte (%) 20.4 15.2 143 17.2 11.4 9.2

The normal error of the estimations is larger for forte than for piano dynamic levels.
In order to understand what causes these errors, the measurements @rsimulations
are superposed on Fig. 2.5(a) for pianissimo signals, Fig. 2.5(b) for piano signals,



2.5(c) for mezzoforte signals and Fig. 2.5(d) for forte signals. For mezzoforteand
forte measurements, complex phenomena such as deformation of the reed (tiarerse
sti ness) and collisions, which are not taken into account in the phydcal models, a ect
the parameter estimation. In forte measurements, a strong asymmetry between the
opening and the closing of the reed is clearly noticeable, a ecting stability of the
models.

In Fig. 2.5(a) (pianissimo), the relationship between displacement and di erence of
pressure is almost linear. The low-level approximation of the linearsti ness model is
a good approximation to describe the behavior of the reed. The nontiear sti ness
models provide some improvement. Some damping is observed. Theed movement is
accurately described by the non-linear model including damping. Nomass e ects are
observed, and considering inertia in the models does not producany di erence.

In Fig. 2.5(b) (piano), the existence of a non-linear sti ness is clearly visible, eve in

the piano regime. The reed never reaches the closing point = 0. The surface of the
curve P vs.y can be explained by damping. In thepiano regime, the inertia e ect is

slightly visible. The non-linear sti ness model with damping describes well the behavior
of the reed.

In the mezzoforteregime, the same model describes rather well the behavior of the ed.
The mass e ects in the reed behavior can be seen negr=0:5 mm and P =0 hPa,

and the e ects of the beating of the reed on the mouthpiece can be seemrfy = 0.

The non-linear model containing mass produces a slight improvemetrin the estimation,

though this must be taken carefully because the dierent behavior ofthe reed in its
extreme displacement regimes is not considered in the physical ndels: iny = 0:5 mm
and P =0 hPa the resonance of the reed (the reed and the musician's lip) kds the
movement, whereas iny =0 mm and P = ! 40 hPa it is the rebound of the reed on
the mouthpiece that dominates the movement.

In the forte regime, the models fail to precisely describe the behavior of theeed. The
non-linearity of the stiness is more prominent. The relation P-y is mainly linear
for the closing regime (bottom line of the P vs. y plots in Fig. 2.5(d)), while it
shows some irregularities for the opening regime (top line of the plotsn Fig. 2.5(d)).
The linear damping fails to explain the area in the characteristic, which may imply a
non-linear damping di erentiating opening and closing. This asymmety may provide
evidence that the free moving surface of the reed varies from the @$ing and opening
conditions (similarly with the separation point), considering the di erent nature of the
boundaries imposed by the mouthpiece and the musician's lip. The iartial e ects in
the reed behavior can be seen negr=0:8 mm and P =0 hPa for the open channel,
where the MRK  model ts the reed resonance. The e ects of the beating of the reed






2.5
The uncertainty associated to these estimated parameters can be fodnin Tables 2.2
and 2.3.

Table 2.5: Values of the estimated parameters using theRK ,, model for the piano
(p) and mezzoforte (mf) dynamic levels.

K R Ke Ye
(10 Pa/m) (10 3 Pasm (@0 M pam?) (0'3>m
p 6.4 19 2.7 17.0
mf 4.5 1.2 14 24

The results of the parameter estimation using theMRK ,, model for the mezzoforte
dynamic level are presented in Table2.6. This estimation provides some improvement
compared to the RK ,, model for the mezzofortedynamic level, though the mass is not
accurately estimated because a linear modelling of the inertial e ets is employed. This
result is presented as an insight into the value of the mass of the reed playing conditions

at this dynamic level. The uncertainty associated to these estimagd parameters can be
found in Table 2.2,






2.6. When the sensors are installed on the
mouthpiece, their working range goes from the reed closing pointGP in the Fig. 2.6)
to the reed maximal aperture in playing conditions (MA in the Fig. 2.6). In this range,
the response of the sensors can be approximated as linear (grey box ing-i2.6) and
the calibration is reduced to determining the slope of the responsand the closing point
voltage.

The reliability of the calibration system has been studied, showiig good repeatability
(standard deviation of 1% for the linear sensitivity and the closing voltage).

The uncertainties associated to the installation of the reed on the mothpiece and the
calibration bench can be also taken into account (standard deviation 2% for bth cali-
bration parameters).

Calibrations for di erent reeds show large variability depending on the di erent re ectiv-
ity of the cane reeds. The deviation of the calibration parameters reprsents a standard
deviation of 10%. In consequence, a calibration must be done for each reed.

Heating of the sensors is detected for a continued use over 10 minutesfter optimization
of the polarization circuit. The standard deviation of the two calibration parameters
associated to this heating is 1% for 20 minutes of continuous use.

Some humidity accumulates on the reed and sensors while a musician jgaying. This
can vary the re ectivity of the reeds and the performance of the dispacement sensors.
For 1 s of play, the standard deviation of the sensitivity is estimatedto be 2.4%.









2) to measurements using a saxo-
phone and 20 reeds. In a rst step, a comparison is done between one measment
using one cane reed and a cylindrical resonator and one measurement ugithe same
reed and a saxophone. Next, the performance of two physical models for ¢hreed are
compared using a saxophone and 20 cane reeds.

2.9.1 Experiment

The experiment is based on a set of measurements performed with thestrumented

mouthpiece connected to a tenor saxophone. The set of measurements com@hends
measurements performed with 20 reeds of di erent cut and brand (5 reds D'Addario

Select Jazz 3 soft, 5 reeds Rico Reserve 3.0, 5 reeds Vandoren Traditi2 1/2, 5 reeds
Vandoren ZZ 3) and by one musician. For all the measurements, the musian was
asked to play at a given mean blowing pressure (31.5 hPa), provided bg multimeter

that is connected to the pressure sensor in the musician's mouth. fiis blowing pressure
ensures obtainingmezzopianoand mezzoforte playing dynamics. The duration of the

acquisitions is 1 s, taking only the stationary part. The assessment oftte results consists
in the comparison of the normal error of the estimationerrn (see Eq.2.10), describing

the quality of the model, when applied to the set of measurements.

Two examples of the acquired measurements using the instrumentemouthpiece and a
cylindrical resonator or a saxophone are shown in Fig2.7. The measured displacement
for the cylindrical resonator tends to a square-like signal, and it is agmmetric when
comparing the open and closed phases because in the open phase the reedillates
against the lip and in the closed phase it beats on the mouthpiece. In thease of the

55
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2.9.2 Performance of the models

The mean normal error of estimation errn for a 1s-long acquisition, for the 20 reeds,
using the model with damping and non-linear sti ness (RK,, model) and the model
with mass, damping and non-linear sti ness MRK ,,; model) is shown in Fig. 2.8. The

uncertainty in errn represented in the gure is the standard deviation from the mean
normal error in the application of the estimation method to successives-period windows
of the 1s-long measurements.

The normal errors using the MRK ,, model are mostly smaller than the normal errors
using the RK ,; model (the RK , model is the caseM =0 of the MRK ,; model). The
contribution of the MRK ,, model is the description of the inertial oscillations of the
reed in the opening phase.

An example of the estimated displacement using both models for the saenmeasurements
is represented as function of time in Fig. 2.9. The di erence between models in this
representation is small.



2.10 The MRK  model describes more accurately than theRK
model the surface in the cycle and takes into account the oscillationn the opening
period (y 0:3mm, P ! 20 hPa).



2.5(c), is
minimized due to the brevity of the closing period for the conical resonator.
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2.10.1 Experiment

The purpose of the experiment is to compare musicians of di erent lgels of expertise
through the use of the instrumented mouthpiece and by using a methd applicable to
the classroom environment.

The experiment is performed with the collaboration of two musicians ofdi erent exper-
tise: a beginner and a semiprofessional. The beginner is an alto saxophoplayer with
three years of experience and without a formal education on saxophone playg, and the
semiprofessional has a formal education on tenor saxophone playing and sesledecades
of experience. Both players used the same saxophone, a Selmer Refare 54 tenor sax-
ophone. Two families of measurements are acquired: stationary notes and tatks of
di erent articulation. For the stationary notes, a single note G4 with a duration around
4 s was played, and for the articulated notes an ascending and descendirsequence
of 5 notes (G4, A4, B4, C5 and D5, in B- at) was played. The articulations studied
are legato attacks, legato with air-separated or soft-tonguing attacks (\Da" sounds) and
tongue-separatedstaccato attacks (\Ta" sounds). The measurements are performed us-
ing the instrumented mouthpiece installed on a tenor saxophone. Thenalysis of the
results consists in the visual comparison of the envelope of the pras® inside the mouth,
pressure inside the mouthpiece and displacement signals.

2.10.2 Results

The results of the visual comparison of the stationary notes and the di eent attacks
are presented below.



2.11 The pressure inside the mouthpiece measured for
the semiprofessional player has a clear attack and a constant stationary pawhile in
the case of the beginner, the attack is less clear (the player makes aistake controlling
the pressure and restarts the note) and the stationary part is much les homogeneous.

The comparison of the reed displacement for the beginner and the semipfessional
players is given in Fig. 2.12 The stationary part of the displacement is quite homo-
geneous for the semiprofessional player while for the beginner theed passes from the
non-beating regime to beat and deform inside the mouthpiece.

2.10.2.2 Articulations

For the legato attacks, the pressure inside the musician's mouth, the reed didpcement
and the pressure inside the mouthpiece for the semiprofessionalgler and the beginner
are given in Fig. 2.13 The shape of the attack is similar for both players (at 4.65 s for
the semiprofessional player and at 3.47 and 3.80 for the beginner), and itsudation is

around 0.02 s.

For the tongue-separated notes, the signals for the semiprofessional gker and the be-
ginner are given in Fig. 2.14 When comparing the pressure inside the musicians' mouth






2.15 A signi cant di erence between both
players appears for the pressure inside the mouth: pressure gapspseate the notes
for the semiprofessional player (the notes are air-separated) whereaso gap appears
for the beginner. Also, when comparing the reed displacement, the paration between
notes is smooth for the semiprofessional player, whereas for the begier the separations
show the same signature of the tongue-separated attacks. Finally, the seilting attacks
in the pressure inside the mouthpiece are slower for the beginnd.1 s) than for the

semiprofessional player (0.03 s).












https://esurv.org/ ) and
translated in three languages (English, French and Spanisi) The body of the survey
has the format of a multiple choice questionnaire. Multiple responsewvas not allowed
and the answer was not mandatory.

The number of answers according to the language is provided in Tab3.1. The majority
of the answers come from the English version because an important dissémator of the
survey was the International Clarinet Association [11§.

Table 3.1: Number of answers according to the language.

Language Musicians

English 267
French 75
Spanish 33
Total 375

The questions in the survey are divided in two blocks, the rst regarding the musical
practice of the musicians and the second regarding the choice and evaluah of reeds.

The questions regarding the musical practice of the participants are sed to characterise
the population of musicians participating in the study. The questions are the following:

Which instrument do you usually play?

1The link used for its dissemination is https://esurv.org/online-survey.php?surveylD=LOIMHL _
ca6f65be for the English version



3.1.2 and x3.1.3 re-
spectively. Some misunderstanding of the questions are detectgedo these answers are
removed of the study.

3.1.2 Panel of musicians

The characteristics of the panel that answered the survey are analyseldere.

The answers to the question \Which instrument do you usually play?' are given in Tab.
3.2. The most played instrument in the panel of musicians is the SoprancClarinet in
Sib (222 answers) and the Alto Saxophone (110 answers).



3.3. The most practiced style
in the panel of musicians is Classical Music (234 answers). Also, 80 of theusicians
declared to practice other style than Classical, Pop, Folk or Jazz.

The answers for the query \Which is your musical level?" are given in Tab. 3.4
The majority of the musicians are amateurs and professionals (158 and 154 answge
respectively), and only 50 declared themselves as beginners.

Table 3.4: Answers for the level.

Level Musicians
Beginner 50
Amateur 158
Professional 154
Total 362

Regarding the time of practice of the instrument, the results are gien in Tab. 3.5. The
majority of the musicians in the panel declared to practice the instument several hours
per day (157 answers). The second most chosen answer was a practice timeseveral

hours per week (131 answers).

An important part of the panel are professional and amateur classical clarinests (so-
prano clarinet in Sib) that regularly practice the instrument.



3.6.
The number of answers decreases with the frequency of buying reedThe most chosen

answer is \less than 1 box every 3 months".

Table 3.6: Answers for the frequency of buying reeds.

Frequency of buying reeds Musicians
less than 1 box every 3 months 121
1 box every 3 months 117
1 box every 2 months 57
1 box every month a7
1 box every 2 weeks 27
1 box every week 6
more than 1 box every week 0
Total 375

Reeds are classi ed by strength and cut for commercialization. Thesewo parameters
allow a musician to choose a reed adapted for his or her mouthpiece andagyling style.
The strength provides a rst order measurement of the longitudinal exibility of the reed
under a static e ort. The cut refers to the given shape to the vamp of the reed, which



3.1). This comparison chart has been produced for this survey from the coipar-
ison charts in http://www.saxplus.com/reed-strength-chart.htmi , http:/iww.
mrif.gouv.qc.ca/calendrier/document/1321_comparison_anches.pdf and https:
/lathomemusicacademy.wordpress.com/2012/02/24/ . It summarises the commercial
categories of reeds in groups (‘A', 'B', 'C"... in columns), without icentifying any par-
ticular brand.

3.1 for indicating a category (from A to S), without
providing any speci ¢ information about a particular brand. Results for all instruments
and musicians are given in Fig.3.2, with a total of 157 answers. A Gaussian tendency
is observed, except for the reeds classed as \J", which are comparativyeless used. The
mode corresponds to the reeds in the class \K" (35 players).

Regarding only the answers for clarinetists (Fig. 3.3), the mode is the class \K" (22
answers), followed by the class \I" (19 answers), and the class \J" is bagly used.

In the case of the saxophonists (see Fig3.4), the distribution is more complex and the
mode is also the class \K".

Reeds are usually sold in box of 10 items. Though the 10 reeds have samet @nd
strength, they are perceived as di erent by the musicians. Some oftie reeds are judged
as unsatisfactory for playing and discarded, some are playable, and somehatrs are
considered excellent. The proportion of these classes of reeds in omex may vary from
one box to another.



3.1).

3.1).

The question addressed at this point of the survey is how many reedsiia box of 10 are
found unusable and how many are judged as good for concert (excellent quig). The
results are given in Fig. 3.5. Considering the answers provided by the entire panel of
musicians, in a box of 10 reeds, 3 are playable in concert and 2 are unusal{these are
the modal answers, as seen in Fig3.5). The pro les of the histograms for playable-in-
concert and unusable reeds have both a main maximum in 2 or 3 reeds and a=nd
maximum in 7 or 8 reeds. It was veri ed that this second maximum does @t come from
subtracting the 2 or 3 playable-in-concert or unusable reeds to theotal amount of 10
reeds in a box, and that the answers for the two categories of reeds aredapendent.



3.1).



3.7.

Table 3.7: Cumulated scores for the ranks of the criteria of the reed quality.

Position T EP E AC ST H LT S AP

1 128 111 23 28 17 14 14 26 8
2 79 79 49 40 33 38 17 22 3
3 57 62 52 46 31 54 18 19 5
4 35 40 48 51 35 32 31 20 4
5 17 24 43 30 42 38 40 32 6
6 12 20 31 37 52 23 36 22 6
7 7 8 37 26 45 30 42 25 16
8 8 4 22 19 29 34 53 50 17
9 12 9 9 15 12 22 34 45 65
10 3 4 1 5 2 6 9 18 115

In order to aggregate the answers for the whole panel of musicians, the Bordaethod
was used 119. The Borda method consists in assigning a weight to the position of
the choice (10 for rst choice, 9 for second choice, ...etc, and 1 for lasthoice), and to
multiply the weight by the corresponding number of answers. The Boda score is the

sum of the weighted answers by position.

The total scores of the criteria are given in Tab. 3.8, ordered from the largest to the
smallest. These results are represented in Fig3.6. Three sets of descriptors can be
considered. The descriptors “timbre' and “ease of playing' appear afi¢ most important
for the quality of the reeds. The descriptor "Appearance' is classed athe least impor-
tant descriptor of quality. The descriptors in between are closer inscore and thus less

distinguishable in terms of importance.



3.1.3.2. The performance of the descriptors and the panel of musicians
participating in the study are assessed.

3.2.1 Study design

The selection of the subjective quality descriptors for the reedauses the quantitative
results obtained in the survey in x3.1.3.2 The reed quality descriptors considered as
the most important by the survey participants are “ease of playing' and timbre'. The
descriptor “global quality' is added to the study.



3.1). These groups are:

5 reeds D'Addario Select Jazz strength 3 soft,
5 reeds Rico Reserve strength 3.0,
5 reeds Vandoren Tradition strength 2 1/2,

5 reeds Vandoren ZZ strength 3.

The reeds are numerated from 1 to 20 and their correspondence with thaforementioned
brands is kept con dential to avoid commercial comparison.

Subjective tests:

The subjective tests are conducted using absolute evaluations on a ctinuous scale.
The musicians put a mark on a line whose beginning and end are labelledith the
extremes of a particular subjective criteria (very ..." to ‘not ... at all'). Afterwards,
this is converted in a distance from O to 5. The criteria used to evalate the reeds'
quality are “ease of playing' (varying from “very easy' to "not easy at al), ‘timbre'
(varying from “very bright' to “not bright at all') and “quality' (varyi ng from “very good'
to "not good at all'). Each musician performs the tests using her/his evn saxophone
and the same mouthpiece (a V16 from Vandoren). The musicians install theeed on the
mouthpiece by themselves. The tests start after a free-time warmrup for the musician.



120.

In the following, the notation employed for the quantitative assessmaets is yjj : rating
of the reedi by musicianj during repetition k.

3.2.2.1 Analysis of variance for the group

The analysis of the evaluation data is done through two-way analysis of variane (ANOVA)
with interaction, with the factors ‘reed’, ‘'musician’, ‘reed musician', for each descriptor (
“ease of playing', "timbre' and “quality’). The ANOVA mixed model is written as follows:

Yik = + i+ jF it ks (3.1)
with
: constant,
i: eect of the reed ( xed e ect). It represents the mean di eren ces between the
reeds.

j. eect of the musician (random e ect). It represents the mean die rences
between the musicians in the boundary scale position. Choosing a radn e ect
allows for generalizing the study results to other subjects outsid the evaluation
panel.

j - interaction ‘reed musician' (random e ect). It represents the di erences at-

tributable to the pairing reed-musician.

ik - error. It is supposed N (0; 2) and independent.

The results of the Fisher's F-test of the ANOVA (p-value) are given in Tab. 3.9.



F(6;114)=2:01 F(19;114)=3:46 F(114;280) = 3:62

playing p-value 0.069 < 0.0001 < 0.0001
F F(6;114) = 4:45 F(19;114)=2:24 F(114;280) =2:68
Timbre
p-value < 0.0001 0.005 < 0.0001
F F(6;114)=7:32 F(19;114)=4:13 F(114;280) =1:57
Quality

p-value < 0.0001 < 0.0001 0.001

The ‘reed' e ects are signi cant for all the descriptors (p-value 0:05), so the panel is
globally discriminant (the di erences between reeds are perceied for the three descrip-
tors). The "musician' e ect is signi cant for the descriptors “tim bre' and “quality' (this
shows an o set in the use of the rating scale, globally due to the fact thatthe musicians
do not have a speci c training in the evaluation task). The ‘musicianreed' interaction
is signi cant for the three descriptors. This shows either a disageement between the
musicians in the rating of the reeds or di erences between musiains in the use of the
scale (scaling e ect).

3.2.2.2 Analysis of variance for the individuals

The analysis of the data is done through one-way analysis of variance for eachusician
(individual model). The ANOVA model is written as follows:

Yik = + it ks (3.2)

with

: constant,

i: eect of the reed ( xed e ect). It represents the mean di eren ces between the
reeds.

ik - error. It is supposed N (0; 2) and independent.



0.811 5.661 7.627 7.060 4565 2.552
playing p-value < 0.0001 0.682 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.006

F (19;40) 5.730 1.251 5.392 4,905 4.400 1.398 0.876
Timbre

p-value < 0.0001 0.268 < 0.0001 < 0.0001 < 0.0001 0.183 0.611

F (19; 40) 4238 1.743  3.787 3.305 3.009 0.714  2.206
Quiality
p-value < 0.0001 0.069 0.0001 0.001 0.002 0.783 0.018

The results of the ANOVA are given in Tab. 3.10.

For the musicians 1, 3, 4 and 5, the reed e ect is signi cant with a p-value< 5 % for

all the descriptors (these musicians properly distinguish the reds). The ‘musician 2' is
not discriminant for any of the descriptors because the di erences btween the reeds are
too small given the repetition error (this may be because this musiian usually practices

alto saxophone and only recently she practices tenor saxophone). The ‘migian 6' is

not discriminant for the descriptors “timbre' and "quality’, and th e "musician 7' is not

discriminant for the descriptor “timbre'.

The evaluation of the "musician 2' for the three descriptors, the evalations of the “mu-
sician 6' for "timbre' and “quality' and the evaluations of the "musician 7' for “timbre'
are excluded from the study, in order to de ne a representative esgluation of the reeds.

3.2.2.3 Analysis of the agreement between the musicians

In order to analyse the agreement between the musicians in the ratingf the reeds, a
Principal Components Analysis is performed 120, 121]. The PCA is a non-standardized
PCA with the reeds as individuals and the musicians as variables. Thanalysis is done
for the three descriptors. Results are given in Fig.3.7, 3.8 and 3.9 respectively for "ease
of playing', “timbre' and "quality’

In all cases, two principal components (F1 and F2) explain more than the 83 of the
variance. The % of variance accounted for by the rst principal component(F1) is higher
for the descriptor “ease of playing' (66%) than for “timbre' (60%) and "quaty' (53%).
The graphs also show that "‘musician 1' is in opposition to the rest of the goup for the






3.10 The error bars represent the standard deviation of the
selected evaluations of the musicians and the three repetitions (presented in the gure
as ).

A strong correlation (r=0.95) is obtained between “ease of playing' and ‘tnbre'. An
“easy to play' reed is judged as “bright' and inversely. The uncesinty of the evaluations,
obtained as the standard deviation from the mean for musicians and repetibns, is high
(30%).



2],
where the descriptors “ease of playing' and ‘timbre' are the most coessual and they
are strongly correlated.

3.3 Objective characterisation of a set of reeds by a panel
of musicians

For this work, the musicians in the subjective study are asked to phy a single note

using the instrumented mouthpiece connected to a cylindrical esonator for the set of 20
reeds used in the subjective tests. The pressure inside theauthpiece, the pressure in
the musician's mouth, the reed displacement near the left part of tke reed tip and the

acceleration on the mouthpiece next to the right and left lays are measted. These mea-
surements allow obtaining two sets of parameters: the playing paranters (issued from

signal analysis P]) and the reed parameters (issued from physical modelling, Chapter
2). The results for both sets of parameters are given irk3.3.2 and x3.3.3 respectively.

In order to perform the calibration of the reed displacement measurerants, a calibrator
speci cally designed for this purpose is used. This device allowfor a fast calibration
of each reed and each measurement. The principle and associated untzénty of the
calibrator are explained further in this document, in x4.2.2 The Computer-Aided Design
of the device is given in AppendixD.



3.3.2

3.3.2 Playing parameters

The playing parameters used are listed below and their formulation $ given in 2, 72].
The nomenclature and estimated uncertainty (relative standard devation, in %, esti-
mated from 5 repetitions of one measurement) are given in this list.

Mean pressure in the musician's mouthmean(Py,), =4:0%.
Spectral Centroid of the pressure inside the mouthpiec&§C(Pn,p), = 1:6%.

Odd-harmonic Spectral Centroid of the pressure inside the mouthptceSCodd Prp),
=0:9%.

Even-harmonic Spectral Centroid of the pressure inside the mouthigceSCeven(Ppmp),
= 5:6%.

Odd and Even harmonic Ratio of the pressure inside the mouthpieC®ER (Pmp),
=8:7%.

Tristumulus 1 of the pressure inside the mouthpiecel R1(Pnp), = 0:1%.



3.11 The size of the e ect of each
factor is assessed with 2.

The ‘reed' e ect is signi cant for all the descriptors (di erence s between the reeds in
the playing parameters do exist), except for RMS (y1)'. This variable is excluded from



0.83 0.67 0.11
RMS (acq) 7.30 < 0.0001 0.22 2.29 0.004 0.22

RMS (ace) 16.57 < 0.0001 0.37 2.79 0.0004 0.20

the study. The “musician’ e ect is signi cant for all the descript ors (di erences between
the musicians in the playing parameters are observed). The ‘'musi&n’ e ect is generally
more important than the ‘reed' e ect. This means that the di erence s inter-musicians
prevail over the di erences inter-reeds.

In order to assess the consensus between the reed parameters for thierent musicians,
a non-standardized PCA is performed for each parameter, with the ‘reds' as individuals
and the "musicians' as variables. The percentages of inertia on the twast principal
components are given in Tab.3.12

An important variability between the musicians is observed for the playing parameters
(the highest percentage of inertia is 64%). Four parameters are less cagssual than the
others: OER(Pmp)’, TR1(Pmp), TR2(Pmp)' and 'RMS (ace)', so they are removed
from the study. This shows that the musical gesture varies from one msician to another
and that there is no global trend in the variation of these playing parameters. Each
musician has a particular timbre and manner to adapt the playing strategy to each reed.



36 % 29 %

TR1(Pmp) 39 % 21 %
TR2(Pmp) 32 % 22 %
RMS (acc) 55 % 23 %
RMS (acc) 35 % 26 %

For the most consensual playing parametersmean(Pm), SC(Pmp), SCoddPmp), SCevenPmp)
and RM S (acq), the average playing parameters can be calculated from the playing g
rameters of the 7 musicians. The Pearson correlation matrix between thse mean playing
parameters is given in Tab. 3.13

Table 3.13: Pearson correlation matrix between the average playing parameters of
the seven musicians. The correlations stronger than 0.8 (or -0.8) are indated in bold.

Variables mean(Pm) SC(Pmp) SCoddPnp) SCeven(Pmp) RMS (acc)

mean(Pm) 1 -0.830 -0.831 -0.709 -0.750
SC(Pmp) -0.830 1 0.999 0.879 0.874
SCoddPmp) -0.831 0.999 1 0.859 0.868
SCever(Pmp) -0.709 0.879 0.859 1 0.754
RMS (acq) -0.750 0.874 0.868 0.754 1

The correlations between the mean playing parameters are strong. Thet®ngest cor-
relations (above 0.8 or below -0.8) are indicated in bold in Tab3.13 The parameter
mean(Pn,) is negatively correlated to the other parameters, meaning thatmean(Pn,)
decreases with increasing Spectral Centroid and RMS level of the aeleration on the



2). The reed
parameters considered in this study are the reed aperturéd, the linear component of
the stiness K and the damping R of the model of the oscillator containing damping
and non-linear stiness (RK ). For each reed, a set of parameters is estimated. The
estimations are performed in windows of 5 periods for the 1s-long signglto obtain the
average reed parameters.

The reference sound level given to the musicians is selected ind&r to ensure the validity
of this model according to the dynamic level (seex2.6 for more details). The results of
the modelling of the measurements for each reed are accepted only whe¢he normal
error of the modelling errn (seex2.5.1) is inferior to 5 %. The estimated uncertainties
from the 5 repetitions of one measurement and one musician are 7.5 % f& and 2.9 %
for R.

Nevertheless, the presence of estimations with errorsrrn higher than 5 % complicates
the statistical analysis of the descriptors. Depending on the musian, there are from 0
to 14 estimations over the 5 % error threshold, as shown in Tal®.14. Only the "'musician
4' is considered for the reed parameters because he presents all comgent estimations.

The validity of the reed model had only been proved for one musician anane reed (see
Chapter 2). Its application to di erent musicians and reeds shows that the acaracy

of the model can vary. Di erent playing techniques and musical gestires may lead to
di erent reed models. The estimation of reed parameters is only ex|witable for “‘musician

4'. The other musicians are discarded for this part of the study.

For the "musician 4', the estimated beginning of the non-linear part of he sti ness y.
for the 20 reeds attains values from @1 mm to 0:1 mm or, referred to the maximal
reed displacement, from @03 H to 0:25 H. This parameter has an important variabil-
ity (standard deviation of 50%) and its detection seems to a ect the estmation of the
linear part of the stiness K. The non-linear model of the sti ness is not completely



3.2) and the objective
measurements X3.3) is studied. The subjective evaluations considered are the mean of
the descriptors for the selected musicians (see details xB8.2.3) and the selected objective
parameters.



3.15

Table 3.15: Correlation coe cient between the mean subjective evaluations and he
mean playing parameters.

Ease of playing Timbre

mean(Pp,) -0.865 -0.865
SC(Pmp) 0.896 0.900
SCoddPmp) 0.816 0.810
SCevenPmp) 0.870 0.892
RMS (acc) 0.858 0.844

Important and signi cant correlations between the mean subjective indicators and the
mean playing parameters are observed, despite the variability amonghie musicians.

A standardized PCA with the reeds as individuals and mean of the seldged playing
parameters as variables is performed to analyse these correlations, addi the projection
of the descriptors “ease of playing' and “timbre' as supplementary vaables. The plot
corresponding to the rst and second principal components (F1 and F2) § given in Fig.
3.11, and the one for the rst and third principal components (F1 and F3) in Fi g. 3.12

The principal dimension, explaining 86.99 % of the variance, is mainly ated by
SC(Pmp), SCoddPmp) and RMS (acc;). The subjective descriptors "ease of playing'
and ‘timbre' are mainly projected on this dimension. The second dirension explains
5.91 % of the variance and is composed bynean(Pn) and SCeven(Pmp). The third
dimension explains 4.66 % of the variance and is composed BM S (acq).

Predictive models of the “ease of playing' or the “timbre' from the paying parameters
can be proposed using multiple linear regression. There exists arshg correlation
betweenSC(Pmp), SCoddPmp) and SCeven(Pnp), so only the parameterSCeven(Pmp)
is considered in the modelling.

A rst predictive model using two variables is calculated. The variables in the model are
mean(Pn) and SCevern(Pmp). The regression for a subjective descriptoly is written as
given in Eq. 3.4.






3.16 The parameters of the model signi cant
at a 0.1 % threshold are indicated in bold.

Table 3.16: Coe cients of the multiple linear regression model of the mean subgc-
tive evaluations for "ease of playing' and ‘timbre' and the mean playingparameters
mean(Pn) and SCeven(Pmp). The signi cant parameters (p-value<0.001) are indi-

cated in bold.
Descriptor y a b R?2 Q?
Ease of 1 12:954 10'4 1:377 0.867 0.822
playing p < 0:001 p < 0:001
Timbre 1 9:098 10'4 1:093 0.893 0.852

p < 0:001 p < 0:0005

The value of R?, which scores the percentage of variance modelled by the regressia i
high for both subjective descriptors (86.7 % for the “ease of playing' an&9.3 % for the
‘timbre"). The predictive power of the model can be assessed witthe value of Q2, which
measures the percentage of variance predicted by the model usingass validation. The
predictive power is high both for “ease of playing' (82.2 %) and “timbre(85.2 %).

All the obtained coe cients of the models are signi cant at 0.1 % threshold. Both sub-
jective descriptors “ease of playing' and “timbre' are negatively coelated to mean(Pp,),

meaning that “easy to play' and “bright' reeds need lower pressurto play that "hard to

play' and "dull' reeds, and positively correlated to SCevern(Pmp), which is an indicator
of brightness of the sound. The standardized coe cients of the moded are shown in Fig.
3.13for "ease of playing' and in Fig.3.14 for "timbre'.

The played instrument is a clarinet-like resonator, which is chaacterised by odd reso-
nance frequencies. The even frequencies in the spectrum can associated to the timbre
of the reed. This justi es the importance of the coe cient for SCeven(Pn,) obtained

in the standardized regression.

A more accurate model using three variables can also be calculated. Thihosen variables
aremean(Pn), SCevern(Pnp) and RMS (acc;), which are main contributors of the three
independent dimensions of the PCA in Fig. 3.11 and 3.12 explaining 97.56 % of the
variance. The model is optimised according to the adjustedR?, in such a manner that
the algorithm chooses among the three variables the ones that maximise ih indicator.
The regression is written as given in Eqg. 3.5 for each subjective descriptory. The



3.17, where the

signi cant parameters at a 5 % threshold are indicated in bold.

yi = a mean(Pn)i + b SCeven(Pmp)i + ¢ RMS(acc); + d+ ;: (3.5)

All the coe cients are signi cant in the model for “ease of playing', m eaning that the
three playing parameters mean(Pr,), SCevern(Pyp) and RMS (acg) contribute to ex-
plain the subjective descriptor. The variable RMS (acg) is not signi cant in the model
for “timbre'. The standardized coe cients of the models are shownin Fig. 3.15for "ease
of playing' and in Fig. 3.16for “timbre'.

The variable SCeven(Pmp) is the most inuential. The instability of the parameter



3.16. The descrip-
tors “ease of playing' and “timbre' increase with decreasingnean(P,), and increasing
SCeven(Pmp) and RMS (accy). An “easy to play' or “bright' reed needs lower blowing
pressure to produce a given sound level, its sound is brighter (gher SC) and produces
stronger impacts on the mouthpiece. The model t is high for both desciptors (90.1 %
and 91.3 % of explained variance respectively for “ease of playing' andnibre'), and the
predictive power of the models is high (85.2 % for "ease of playing' and & % for "tim-
bre"). The models can be used to predict the descriptors from theplaying parameters
measurements.

These results are coherent with those obtained by Petiot et al. Z]. In that work,
the predictive model was built using also variables de ned in theattack transient of
the played tones, and the measurements were performed with two nsicians without
playing level reference. Their Partial Least-Squares regression adel used 13 variables
and obtained an R? of 85 % for "Softness' and 75 % for “Brightness'. In this case, the
model is built using a lower number of variables and a larger panel of nsicians. The



3.3.3) and the subjective
evaluations of “ease of playing' and “timbre' is analysed, rst for the sbjective assess-
ments of “musician 4', and then for the average evaluations from the selad musicians.
The results are given in Tab. 3.18

In order to ascertain the validity of the subjective characterisation for the ‘musician 4',
it is veri ed that a strong correlation appears between the subjective evaluations of the
‘musician 4' and the mean evaluations of the selected musicians, inditing an agreement
between the musician and the rest of the panel (see Tab3.18).

Table 3.18: Correlation coe cient between the mean subjective evaluations, the sub-
jective evaluations of 'musician 4' and the reed parameters of "musiciad'.

Ease of Timbre Ease of Timbre

playing (Musician 4) playing (mean)
(Musician 4) (mean)

K -0.6 -0.579 -0.508 -0.478

H 0.253 0.136 0.279  0.238

R -0.527 -0.453 -0.439  -0.403



3.17.

3.6. The results are given in Tab. 3.19



3.18 the characteristics P vs. y for a reed classi ed as
“easy to play' (Reed 3) and a reed classi ed as "not easy to play at all' (Bed 6) by two
di erent musicians (‘musician 3' and "‘musician 4') are represented It seems that for the
hard to play reed (Reed 6), ‘musician 3' adapts slightly the reed aperire imposed by
the lip (from 0.25 mm to 0.20 mm) whereas "musician 4' changes radically thaperture
(from 0.35 mm to 0.10 mm) and produces a greater pressure di erence (@m -55 hPa
to -70 hPa). The variation of the sti ness from one reed to the other for both players is
very di erent.

3.5 Conclusions

The study of the subjective classi cations of a set of 20 reeds by a pah®f 7 musicians

has provided a robust evaluation of the reeds regarding the descriptar ease of playing'
and ‘timbre' that is coherent with previous works [2]. The quality descriptors “ease
of playing' and ‘timbre’, selected by means of a survey among around 400 rsicians,

have been shown to be correlated, so that only one dimension explairthe perceived

di erences between reeds. The analysis of the repeatability and th consensus among
the musicians has enabled the identi cation of the most reliable mustians, from whom

average descriptors are calculated.






72.

The limitation of the instrumented mouthpiece when applied to a mass campaign in
playing conditions motivates the development of a device allowingdr measurements in
arti cial playing conditions. To this end, an arti cial mouth has been developed and it
is presented in Chapter4. The purpose is to minimize the random problems a ecting
the sensors and to provide a control of the musical gesture ensurindhé repeatability of
the measurements. Besides, di erent sensors can be installed ohe arti cial mouth to
study the reed dynamics because there is no size or accessibillfynitation, for instance,
the reed displacement or velocity can be measured by using a vibroater.






2 and a speci c calibrator developed for the
reed displacement measurement are used. The complement provelan alternative rep-
resentation of the measurements used in the article that helps in tbB analysis of the
results.

The Computer-Aided Design of the instrumented mouthpiece and the ésplacement mea-
surement calibrator used in the article is given in AppendixA. The general principle of
the arti cial mouth is explained in the article, and a more detailed description of the
arti cial lip positioning system and plate assembly of the arti cial mou th are given in
Appendix D.

The name of arti cial mouth is chosen for coherency with the literature. Although the
device does not have a closed cavity acting as the mouth, the purposend experiments
enabled are the same kind as for other arti cial mouths in the literature.
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2]. In consequence, reed makers need to better characterise reedih objective indi-
cators that better satisfy musician's expectations. Mufoz Aranmon etal. [3] proposed a
method for estimating the reed equivalent parameters in playing onditions, using an in-
strumented mouthpiece that measured the reed displacement and # pressure di erence
across the reed. In order to avoid variability due to the musician's gsture and to ensure
stability and reproducibility, objective measurements of reed physical properties should
be performed on a measuring bench. The measuring benches commonlged to study
woodwinds in playing conditions are named arti cial mouths. Most arti cial mouths
are composed of a closed cavity equivalent to the musician's mouth andrpviding an
overpressure at the entry of the instrument. In such design, thereed remains enclosed
in the cavity and it is not easily accessible or exchangeablelp, 83, 89, 91].

In this work, we propose a new arti cial mouth that intends to accuratel y reproduce the
musician's gesture in order to characterise reeds in realistic plang conditions, ensuring
controlled and repeatable measurements. The main characteristics ofhis system are
the following:

it uses an aspirating source operating with a negative pressure (preare lower than

the atmospheric pressure) applied at the exit of the instrument;
the reed remains in open air so that no cavity equivalent to the mouthis used.

This property makes the reed calibration and testing easier;
it can be played by a musician when the aspirating source is o, in orde to

characterise the musician's playing.

The arti cial mouth is equipped with the instrumented mouthpiec e described in B]. This
makes it possible to estimate the frequency, the pressure amplide and the reed dis-
placement amplitude. All these measurements can be obtained eithevhen the arti cial
mouth is played arti cially or by a musician.

This paper is organised as follows: Sectiod.2 presents the arti cial mouth, the instru-
mented mouthpiece and the measured signals. Sectioh3 studies the working range of
the arti cial mouth and compares the playing parameters obtained with arti cial play-
ing and with a musician. Section4.4 presents the comparison of the pressure di erence
across the reed and reed displacement signals obtained with the artiial mouth and
with a musician in order to assess the similarities and di erences



4.1. The arti cial mouth can be

divided into two parts: the musical instrument and the aeraulic-control system.

4.2.2). It has been chosen since
it is bigger than a clarinet mouthpiece and allows for embedding sensermore
easily. There is no neck cork, in order to obtain a clarinet-like assmbly between
mouthpiece and resonator, and to minimize the cross-section discomtility.

Arti cial lip: it is made of silicone rubber (Copsil GES-30) with dime nsions 1.4
cm high, 2.2 cm long and 0.9 cm thick. The articial lip is glued on a 4 mm
thick cylindrical bar, acting as the teeth and pushing the lip against the reed. The
arti cial lip position in the horizontal and vertical directions is cont rolled with
two axial micrometer screws. The lip position is written (X ;y. ), where x_ is the



4.2

Resonator: it is a 50 cm long cylinder of 16 mm of inner diameter. The sysm is

conceived for a resonator with no holes.

4.1):

Impedance-uncoupling volume: it is installed between the resonar and the as-
piration system to uncouple the acoustic impedance of the resonator fronthe
impedance of the aspirating source, reproducing free- eld condibns at the end of
the resonator (see Appendix4.6).

Valve: a pipe connects the volume to a manual valve, which controls theatio of
air aspirated from the upstream part of the arti cial mouth and from a vent t o
the outside.

Mu er: an exhaust mu er is installed in the valve exit to the outsid e in order to
minimize the air jet noise.

Aspirating source: a duct connects the valve to a vacuum cleaner withpower
control and silencer system.

4.2.2 Instrumented mouthpiece

The instrumented mouthpiece allows for the measurement of the res displacement,
the pressure outside the mouthpiece (in the musician's mouth) andhe pressure inside



4.3. The implemented sensors are:

two photo-interrupters (Kodenshi SG2BC), measuring the reed dgplacementy at
4 mm from the tip and 4 mm from the mouthpiece left and right edges (notedy1
and y, respectively). For both sensors,y = 0 represents the closing position, and
y = H is the maximal opening imposed by the lip.

two di erential pressure sensors (Endevco 8507-C2), one measuring ¢hdi erence
between the pressure in the top of the mouthpiece and the atmospheripressure,
and another measuring the di erence between the pressure insidde mouthpiece
and the atmospheric pressure. The rst sensor can measure the pras® in the
mouth when a musician is playing or the pressure near the top of the mathpiece
(very close to the atmospheric pressure) when playing with the i cial mouth.

two accelerometers (PCB Piezotronics 352C23), measuring the vibration ofhe
mouthpiece and detecting the impact of the reed on the lay.

20, 113, but the
displacementy at 4 mm from the tip. The comparison of the measured displacement
and the displacement of the reed tip is shown in Fig.4.4. In this case,y can be negative
when the reed bends transversely into the mouthpiece. This meanthat the detection
of the closing pointy = 0 has some uncertainty, as explained below.



4.5). The calibrator uses a lever to hold the reed in closed
position y = 0 (position a in Fig. 4.5) or in open position at an aperturey = 0:7 mm
(b in Fig. 4.5). These two positions are in the linear range of the sensors. The output
voltage measured in these two positions allows determining the seitiwity of the sensors
and the voltage at the closing point of the reed for a particular measuremenn This
static calibration leads to uncertainties of 0.05 mm in the displacemethmeasurement.
The calibrator helps minimizing the bias in the measurement due tothe accumulation
of humidity on the reed or the sensors that happens while playing, and lie eventual
current drift in the sensors (these e ects are studied in B]).






3, 127. The e ect of the control
parameters on the playing parameters is studied for the four blowingoressures. Then,
the playing of a musician is analysed, obtaining the reference plagg parameters for the
arti cial mouth. Finally, the parameters obtained by the arti cial mout h and by the
musician are compared in order to identify the optimal working range.

4.3.1 E ect of the control parameters on the playing parameters

The working range of the arti cial mouth is determined for four blowing pressuresP, =
25 hPa, 30 hPa, 35 hPa and 40 hPa. For each pressure value, dierent lip posins
(XL ;yL) are explored, with increments of 1 mm forx_ and 0.1 mm fory, .

The con gurations in which auto-oscillations occur are given in Fig. 4.6, which shows
the pressure amplitude as a function of the lip position for four di erent blowing pressure
values. As can be seen in Fig4.6, the upper limit of each graph is almost independent
of the blowing pressure and it is roughly de ned by the extreme lippositions (X_ ;Y. )

(3:0;1:6) mm and (Xx_;y.) (8:0;0:6) mm. The lower limit depends on the blowing
pressure, the working range being wider for higher blowing pressas. The range of
values ofy,_ that lead to oscillations is narrower for small values ofx, (lip near the reed
tip) than for large values of x_ (lip far from the reed tip). Fig. 4.6 also reveals that the



4.7 shows the frequency of the arti cial playing for the four blowing pressures and
for di erent lip positions ( X, y.). In these measurements, the decrease of the frequency
with the lip position y, is observed. The frequency mostly depends on the lip position
yL and not on the blowing pressure. The frequency drop is due mainly tahe increase of
the reed ow, equivalent to an extra volume in the resonator [L23. The lowest frequency
played by the arti cial mouth at these blowing pressures is 164 Hz. The observed range
of frequencies is almost 100 cents (a semitone).

Fig. 4.8 shows the displacement amplitude on the left of the mouthpiecey5P. The
reed displacementy1, measured by the second sensor, is symmetric and provides similar
results. For the upper limit of the working range, the reed displacenent is very small
(displacement amplitude y5” ' 0:1 mm). This corresponds to a tight embouchure
for which the lip holds the reed close to the mouthpiece. The maximaldisplacement
amplitude (in the lower part of the working range) depends on the blowng pressure. For
Pm = 25 hPa, the working range reaches/.  1:7 mm and the displacement amplitude is
almost 0:5 mm. However, forP,, = 40 hPa, it reachesy_ = 2:4 mm and the displacement
amplitude is 1 mm. This corresponds to a relaxed embouchure.






4.9 shows the pressure amplitude as a function of the blowing pressarobtained
with a musician. The error bars are the standard deviations estimated dr each class.

The pressure amplitude increases with the blowing pressure axgected [L7, 86], and
the nuances are separated of 3 dB. The normal and relaxed embouchure folothe
same distribution for the pressure amplitude and they are not distirguishable. The
dynamic range of the musician is 12 dB, which is similar to the one obtaineé with the
arti cial mouth for the explored blowing pressures. For each nuance tass, the standard
deviation of the blowing pressure is between 6 and 12%, and for the presre amplitude
it is between 2 and 14% (corresponding to a variation of 1.5 dB).

4.10 shows the fundamental frequency as a function of the blowing presse.
The di erent embouchures are distinguishable: the relaxed embouaures have lower
playing frequencies (around 162 Hz) than the normal embouchures (whosequencies
are around 167 Hz). Moreover, the standard deviation of the playing frequecy is almost



4.11 shows the peak-to-peak reed displacement?” and y5" as a function
of the blowing pressure. The standard deviation within the nuance tasses in the dis-
placement measurement is quite high, between 10% and 20% fonp, mf, f, and 37%
for the nuance p. This is due to the variability of the musician's embouchure. Thes
results show clearly the e ect of the relaxed embouchure, charactésed by a larger reed
displacement (increase of 50% ity). In this case, the results are not symmetric for both
sensors, due to the musician's irregular embouchure.

4.3.3 Optimal working range

This section compares the playing parameters obtained by the musian and by the
arti cial mouth in the working range de ned above. The reference values of the musician
are interpolated from the mean values shown in Fig. 4.9, 4.10 for the four blowing
pressures 25, 30, 35 and 40 hPa. Tab4.1 gives the reference playing parameters for the
normal embouchure.

The distance between the musician and the arti cial mouth is quanti ed by means of
a similarity indicator g, based on the Gaussian distribution, as given in Eq.4.1. This

distance is continuous, positive and it can be extrapolated to multipke dimensions using
the geometric mean. Moreover, the distance contains a scale factor that represents



4.1), and s the average of the standard deviations obtained for each nuance
(the mean of the vertical error bars in Fig. 4.9, 4.10and 4.11). This similarity indicator
Om varies from O (no similarity) to 1 (identity). A threshold of 0.8 is c onsidered as a

satisfying similarity.

The Fig. 4.12presents the similarity indicator of the frequency, for normal emboiwchures
and for the di erent blowing pressures. It shows that the region in which the arti cial



4.13 The indicators show a region of high similarity for
lip positions X < 6 and a linear range adjacent to upper boundary of the working range.

The similarity indicator of the displacement amplitude for the di e rent blowing pressures
are given in the Fig. 4.14 It shows that the similarity region of the arti cial mouth is

a linear range separated of 0.2 mm from of the upper boundary of_. The results are
the same for both the measured displacementg; and y2.

The intersection of the three similarity regions can be calculated astie geometric mean
of the respective similarity indicators (as a multidimensional Gausian distribution).

The combined similarity indicator of the frequency, the pressureamplitude and the
displacement amplitude (in Fig. 4.15 shows a region of high similarity atx, 5 mm,
yL 1.6 mm, except for the blowing pressure of 25 hPa, where the frequepf the
arti cial mouth is too high compared to the musician (and the highest value of the
Gaussian indicator is around 04).



4.2 for comparison. It shows that the pressure amplitudes are similar,
and the main di erences are a shift in frequency (the arti cial mout h plays higher than
the musician, specially for the lowest blowing pressures) and ahift in displacement
amplitude (the maximal reed displacement is lower for the arti cial mouth than for the
musician).






4.2). The results are shown in Fig. 4.16,
4.17, 4.18 and 4.19 for 25, 30, 35 and 40 hPa, respectively. As the frequency at which
the arti cial mouth plays is slightly di erent of the desired refe rence, it is necessary to
resample the signals in order to compare them with the musician. The @mparison is
done in the time scale of the musician in windows of 3 periods. Only@rmal embouchures
are considered. Note that forP,, = 25 hPa, the similarity indicator is lower than for
the other blowing pressures (Fig.4.15).






4.3,

expressed in % of the amplitude of the signal obtained with the musian.

Table 4.3: Error amplitude between the arti cial mouth and the musician, for the
pressure dierence P and the displacementy.

Pm  (P) ()
(hPa) (%) (%)
25  7.87 15.78
30 1591 26.88
35 522 3142
40 437 5256

The error amplitudes are lower for the pressure di erence than for he reed displacement.
For the latter, the error amplitude increases with the blowing pressure. The error for
the displacement mainly comes from the di erence in the oscillationof the reed against
the lip.

In conclusion, the arti cial mouth reproduces more accurately the closing phase, the
opening phase and the closed position of the reed. In the open positionhe¢ di er-
ence between the musician's lip and the arti cial one is noticeablen the displacement

measurement.

4.5 Conclusion

The aspirating arti cial mouth presented here allows for easy and qui& reed instal-

lation. The accessibility of the reed also permits the use of a caliator for the reed

displacement measurement. Another advantage of the design is that exteal sensors or
measuring devices can be added to the experiment without modifyig the system. The
design uses a section discontinuity to reproduce free- eld radition. The operation of

the arti cial mouth is regulated by the position of the arti cial lip (adj usted with two

micrometer screws) and a pressure valve, resulting in highly combllable and repeatable
measurements. It can also be played as a musical instrument by a mitsan because of
the accessibility of the mouthpiece. This allows comparing the musian's playing and

the arti cial excitation of the system.



4.2.1). In this appendix, the principle and design of the
impedance-uncoupling system is detailed.

4.6.1 Principle

In order to avoid the acoustic coupling between the resonator and the cdrolled aspi-
rating source, a volume is added between both systems. The role of thivolume is to



4.20. The second cylinder (the impedance-uncoupling volume) is as-
sumed to be closed at its end.

4.2

lj & cotg(kLY+j tg(kL).

Zin=Z :
"7 1+ 8 cotgkL9 tg(kL)

4.2)
where Z¢ is the characteristic impedance of the cylinder of small sectiors, and zg is
the characteristic impedance of the cylinder of large sectiors®

If the discontinuity of section is considerably high (SSO ' 0), the input impedance of
the open pipe is obtained (free- eld conditions). For smaller valuesof SSO, the e ect

of the second cylinder on the input impedance of the open pipe can be mimised for
cotg(kL9Y = 0, that is, when the anti-resonances of the second cylinder overlapvith the

resonances of the rst cylinder. This condition is satis ed when the length of the second
cylinder is an odd multiple or a unit fraction of the length of the rst cylinder.

4.6.2 Simulation of the input impedance

A simulation of the problem using a model including losses has beenode using the
software Resonans[124]. Three cylinders are connected: a small cylinder with the role
of resonator of the musical instrument, connected to a cylindrical vobme (with larger
section), which is connected to another cylinder of smaller sectior{with the role of



4.21). In the simulation, the lengths of
the resonator and the volume are 50 cm, and the diameter of the sections are Ifm

and 120 mm, which lead to a ratio &, ' 1:810 4; the exiting pipe is 40 cm long and it

has a section diameter of 14 mm.



125 both for
the resonator alone and for the resonator connected to the uncoupling syst and the

aspirating source. The results are given in Fig4.22 They show that the nine rst
resonances of the instrument are not modi ed by the aeraulic-control @rt. Finally, the
equivalent length of the mouthpiece B5] is subtracted to the length of the resonator.



4.23

The peak-to-peak reed displacement increases witly, . When the lip is close to the
mouthpiece (smally, ), it is around 0:4 mm, whereas fory, = 2:34 mm it reaches 07
mm.

For each curve, the slope of the upper part (closing phase) is almost lear, showing the
absence of curling of the reed on the mouthpiece, except forz. = 1:44 mm when the
pressure di erence exceeds a particular value (P > 50 hPa). When analysing the lower
part of the pressure-displacement diagram (opening phase), it can be gerved that it
is non linear due to the curling, which varies with the lip position y, . For the three
curves an hysteresis appears, showing that the reed-lip-mouthpte system has damping
e ects.
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4.24, the pressure-displacement
diagram obtained with a blowing pressure value of 35 hPa, for three lip pdsons x
(xL =4, 6 and 9 mm) and similar reed maximum opening #  0:5 mm), are shown.
The corresponding lip positionsy, are 164, 1:34 and Q64 mm, respectively.



4.3, the measurements from the musician have been classi ed in nuanagasses.
The playing parameters have then been interpolated at the measuretlowing pressures
of the arti cial mouth, to determine its optimal working range. Here, we compare the
pressure-displacement diagrams of the musician and the arti cial mouh in the optimal
working range. For this, four representative measurements of the musian are chosen
with blowing pressures close to 25, 30, 35 and 40 hPa. One measurement oéthrti cial
mouth in the optimal working range is selected, comparing the pressw-displacement
diagram, for each of the four measurements (the arti cial lip positions areindicated in
Tab. 4.2). The results are shown in Fig. 4.25 4.26, 4.27, 4.28 for P, = 25, 30, 35 and
40 hPa, respectively. Only normal embouchures are considered. Note & for Py, = 25
hPa, the similarity indicator is lower than for the others blowing pr essures (Fig.4.15).






4.25, Py = 30 hPa (Fig. 4.26) and
35 hPa (Fig. 4.27), it is lower for the arti cial mouth. The damping is mainly produce d
by the lip. These measurements show that the arti cial lip has lessdamping than the
musician's, and that the di erence is more pronounced for the blowirg pressures 25, 30
and 35 hPa.

For the four blowing pressures and for both the musician and the arti cial mouth, a loop
appears in the closing point of the reed. This loop comes from inertial ects associated
to the beating of the reed on the mouthpiece. It is di erent for the musician and the
arti cial mouth, showing that the beating di ers between the two.

For P, = 30 hPa (Fig. 4.26), P, = 35 hPa (Fig. 4.27) and 40 hPa (Fig. 4.28), a loop
appears near the opening point of the reed for the musician, whereas itaks not exist
for the arti cial mouth (it appears only for higher values of x,, outside the optimal
working range). This loop is caused by the oscillation of the reed againsthe lip and
it is due to inertial e ects associated to the reed equivalent mass These results shows
that the equivalent mass is higher for the arti cial mouth than for the mu sician. For
Pm = 40 hPa (Fig. 4.28), the pressure-displacement diagram for the arti cial mouth
approaches the one for the musician, except in the region near the reed eping. Stetson
[37] showed that the fundamental resonance frequencies of syntheticeeds were lower
than the ones of cane reeds and that they were in the rst register of theinstrument.
Because of this, it may be possible that the di erences in the inetial e ects of the reed
between the musician and the arti cial mouth were less important for cane reeds.

4.7.3 Conclusion

The study of the e ect of the lip position in the pressure-displacenent diagrams has
shown that the position perpendicular to the resonatory, aects the reed aperture
and non-linear curling of the reed on the mouthpiece, and the position grallel to the
resonator X, a ects the presence of mass e ects of the reed in the open position.

In the optimal working range, the comparison of the pressure-displaceent diagrams for
the musician and the arti cial mouth has shown similarity in the sti ness and curling of
the reed on the mouthpiece, but di erent hysteresis, due to thedamping. Inertial e ects
related to the reed equivalent mass appear for the musician while notdr the arti cial
mouth, specially in the open position. The arti cial mouth reproduces more accurately



D,
the installation of an external sensor perpendicular to the reed is fogseen in the design
of the arti cial mouth, for example a re ectance-compensated displacenent sensor [L16].
The reed displacement or velocity can also be measured using a viimeter. Both kinds
of measurements enable the comparison of the reed behaviour in di en¢ points of the
reed. This may help to compare the reed displacement on the lay of #& mouthpiece and
in front of the photo-interrupters, and to analyse the performance of the sti ness model
considering transverse deformation.

The arti cial mouth can also be used in alternative operating modes, seh as quasi-
static functioning [16, 87]. Other operating mode of the arti cial mouth is obtaining
the bifurcation diagram of a reed by increasing the blowing pressurdrom the oscil-
lation threshold to the extinction threshold and decreasing the blaving pressure from
the inverse threshold to the oscillation threshold B6]. These measurements could also
contribute to the characterisation of the reed.















Al

The sensors and the dimensions of the modi cations on the mouthpiecenabling the in-

stallation of the sensors are indicated in the schema of FigA.2. Two photo-interrupters

are installed at 4 mm of the tip of the mouthpiece, 4 mm of the sides of thenouthpiece
and separated of 10.4 mm. Also, one pressure sensor is installed in the chiaen of the
mouthpiece (measuring the di erence of pressure between the gide of the mouthpiece
and the atmosphere) and another is installed on the top of the mouthpiecerfieasuring
the di erence of pressure between the inside of the musician's outh and the atmo-

sphere). Two accelerometers are installed next to the lay of the mdhpiece (measuring
the acceleration on the mouthpiece). Lastly, two rails on the mouthpiee allow for the
installation of the calibrator on the mouthpiece.
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A.3.

A.4. The calibrator is composed of several pieces. The technical drawingf the
assembled calibrator is shown in Fig.A.5, and the dimensioned drawings of the support,
the ange and the lever are given in Figs. A.6, A.7 and A.8, respectively.
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Figure A.5: Technical drawing of the assembled calibrator. Provided by CTTM.
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Figure A.8: Dimensioned drawing of the lever of the calibrator. Provided by CTTM.



126 for speci cations).

B.1 Conditioning of the sensors and principle of the mea-
surement

The sensors implemented for measuring the reed displacement are ective photointer-
rupters. Their geometry and dimensions are shown in Fig.B.1.

The re ective photointerrupters are essentially bipolar junction transistors in which the
base behaves as a diode (composed by anode and cathode), emittingrared light.
The light is re ected in a surface facing the photointerrupter, and it is received by
the collector-emitter junction. The regions of a re ective photoint errupter are cathode,
anode (composing the IR-light source), emitter and collector (composig the receptive
part of the photointerrupter). The regions of the photointerrupter are shown in Fig. B.1
and Fig. B.2. The conditioning circuit of a re ective photointerrupter is sho wn in Fig.
B.2.

The characteristic response of the re ective photointerrupter S&BC is shown in Fig.
B.3.
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B.4), in the right and left sides of the inner channel of the mouthpiece.

B.5.
The displacement varies from the closed reed position (zero in thegure) to the maximal

opening H).

The observed distancey’is the distance between the sensor and a point of the reed near
the tip (see Fig. B.6). The detection of the distance from the sensor to the reed in



B.6.

B.7): from the closing point of the reed (CP on Fig. B.7) to
the maximal aperture of the reed (MA on Fig. B.7). This range of measurements is
equivalent to y 2 [0; 0:7]Jmm. Within this range, the calibration of the sensors consists



B.8. These reference frames
(RF) are named Y and ¥ hereafter.

The notation and the de nition of the variables presented in Fig. B.8 are gathered in
Tab. B.1.

distance measured in the RFY.

origin in the RF ¥.

maximal aperture of the reed in the RF Y.
closing point of the reed in the RF Y.
voltage referred to the RF Y.

y-intercept in the RF Y.

distance measured in the RFY.

origin in the RF Y.

maximal aperture of the reed in the RF Y.
voltage referred to the RF Y.

IO oSS Do

Table B.1: Notation used in the model of the displacement measurement.

The closing point voltage measured in the reference fram# is de ned as:



B.2, where a; is the sensibility and ag the y-intercept.

9=a V+a (B.2)

In the reference frameY the calibration relation is written

y=a V: (B.3)

The relation between the reference frame¥ and ¥ can be written as follows:

y=9! W, (B.4)
v=0! V)= YV"! V: (B.5)

The measured distance in the reference fram& can therefore be written as shown in
eq. B.6.



B.6 shows the relation between the displacement in the reference dme Y and
the voltage V. This is the equation used for calibrating the sensors. The study of e
calibration of the sensors consists in determining the coe cientsof the sensitivity aj,
and the closing point voltage Vs and their uncertainties. The advantage of reference
frame Y respect to ¥ is that it is possible to use complementary sensors to measuné
and to reduce the uncertainty of the closing point voltage.

B.2 Calibration and uncertainties

The calibration of the sensors consists in determining the coe cients of the sensitivity

a; and the closing point voltage V; . A study of the calibration and the uncertainties of

the displacement measurement is developed using a calibration beh. The uncertainties
associated to the calibration bench, the re ectivity variations between reeds in dry and
wet situations, and the dynamic calibration of the parameterV; are studied. A calibrator

has been developed in order to calibrate the sensors for each measurerim a practical

way. The uncertainties produced by this calibration are also studed.

B.2.1 Calibration principles

Two di erent techniques are used for calibrating the sensors: onetatic and one dynamic.
The coe cient a; is obtained by means of the static calibration, which can be done by
using a calibration bench or with the calibrator (see AppendixA). The bench provides
a free sampling measurement of the reed displacement, and the cafdior provides a
measurement of the reed position for two points. The principle of thecalibration bench
and the principle of the calibrator are explained in xB.2.1.1 and xB.2.1.2, respectively.
The measurement of the coe cient V; can be done statically or dynamically. The static
calibration of V; is done by using the calibration bench or the calibrator. The dynamic
calibration of V; is done using accelerometers that detect the impact of the reed on the
mouthpiece and providing more accurate measurements than the staticalibration. The
principle of the dynamic calibration of V; is explained inxB.2.1.3.

B.2.1.1 Principle of the calibration bench

The calibration bench consists in a table with a saxophone cork where t mouthpiece is
set, and a thin rectangular plate installed on a two-axis displacement gstem controlled



B.9).

116)) is installed in
front of the upper part of the mouthpiece, in the opposite side of the fae with the reed.
This sensor measures the displacement of the mouthpiece on the corkhen the plate
pushes the reed (and the mouthpiece) once the reed is closed. Thiréshold detection
in the voltage of this sensor allows for determining the closing point othe reed.

B.2.1.2 Principle of the calibrator

The calibration of the sensors must be done for each reed and each measuimh This
process is quite slow, so a fast calibration technique is implenméed.

A calibrator has been developed for this purpose (see AppendiR). The calibrator can
be installed on the mouthpiece in a xed position. It has a lever that can hold the reed in
two positions: in closed position and at an aperture of 0.7 mm. The measureant of the
output voltage of the photointerrupters in these positions allows for the determination
of the sensitivity a; and the closing voltageV .

B.2.1.3 Principle of the dynamic calibration

The dynamic calibration provides the value ofV; when the reed is in dynamic excitation.
The closing point of the reed is detected by means of two accelerometeinstalled on



B.4). These accelerometers provide a measurement
of the impact of the reed on the mouthpiece when it happens. More detadl of this
calibration and some examples of measurements are given kiB.3.4.

B.3 Uncertainty measurement

In this section, the uncertainty in the determination of the calibr ation parameters is
studied. The uncertainty is calculated as the standard deviation of the parameter in
percentage, written in the form shown in eq.B.7.

(%) = )? 100 (B.7)

The repeatability of the static and dynamic calibration processes and he quality of the
calibration for dry reeds and wet reeds are studied.

B.3.1 Dry reeds

The repeatability of the calibration using the bench and the suscepibility of the calibra-
tion parameters to the re ectivity of dry reeds are studied in the linear response regime
(y 2 [0; 0:7] mm).

B.3.1.1 Repeatability of the calibration bench

The susceptibility of the calibration parameters to consecutive irstallations of a same
reed on the mouthpiece is studied here.

The mouthpiece is installed on the calibration bench. The setting ofthe reed on the
mouthpiece is repeated 10 times. Results for the sensor 1 and 2 are shoin Fig. B.10,
B.11 respectively.

Sensor 1 is more sensitive than sensor 2. The standard deviations af for sensors 1
and 2 are 6.61 % and 2.13 %, and the respective standard deviations ¥f are 4.11 %
and 1.74 %.



B.12 for sensor 1,B.13 for sensor 2.

The standard deviations for sensor 1 and 2 fom; are 11.7 % and 10.3 %. The standard
deviations for sensor 1 and 2 foVs are 10.0 % and 8.08 %.



B.14, B.15 show the results for sensor 1 and 2 respectively, in the RF. A
higher sensitivity of sensor 1 to the di erent re ectivity of the reeds is observed.

B.3.2 Wet reeds

In the previous study, an important sensitivity of the sensors to the reeds re ectivity
has been observed. As the reeds are wet when playing and this may mhace variations
in their re ectivity, a study of the sensitivity of the sensors t o wet-reeds re ectivity is
performed.



B.16, B.17 for sensor 1 and 2 respectively.
In order to compare the sensitivity, it is useful to represent the voltage introducing the
correction of the closing point voltageV ! V;.



B.18 and B.19),
the di erence between the dry and the wet states of the reed is clarly noticeable. In
this strong humidity condition, the re ectivity of the reed seem s rather constant and
the observed relaxation time is longer than 35 minutes.



B.20 for sensor 1 and in Fig.B.21 for sensor 2.

The standard deviation of a; for sensor 1 and 2 are 18% and 288% respectively. These






B.2) is measured for 20 minutes of continous
functionning at a sampling frequency of 1 s. This experience is peated for di erent
values of the resistorR; (R1 =680 , 780 , 990 , 1100 , 2200 ).

An optimal value of R1 where the variation is minimal (R;y 780 k) has been identi ed.
For this value, the standard deviation of the output is = 1%.

B.3.4 Principle and uncertainty of the dynamic calibration

The static measurement of the closing point voltageVs is delicate and needs comple-
mentary sensors in addition to the photointerrupters. The deformation of the reed in
playing conditions can dier from the bending of the reed in the calibration, so that
the calibrated closing point voltage is not accurate for calibrating the mesurements.
The static calibration of the closing point voltage is also subjected to uncertainties such
as the humidi cation of the reed in playing conditions or the current drift in the pho-
tointerrupters. In playing conditions, the use of accelerometerscan provide a dynamic
calibration of the closing point voltage.

The dynamic calibration of the coe cient V; provides an immediate measurement of the
coe cient in playing conditions. The dynamic calibration use accelerometers, installed
on the lay of the mouthpiece as shown in Fig.B.4, for the detection of the closing point.
The static calibration of V; is slower and provides a less accurate estimation &f; due
to the heating of the sensors (seeB.3.3) and variations of the re ectivity of the reed
produced by the wetting of the reed while playing xB.3.2). Transverse deformation of
the reed produces discrepancies between the detection of theosing point in static and
dynamic conditions, the dynamic calibration being more precise.

The direct detection of the closing point of the reed can be done for higlidynamic levels
of excitation of the reed, when impact of the reed on the mouthpiece hapgns (see Fig.
B.22). The uncertainty of the measurement of V; in high dynamic levels is given in
xB.3.4.1 For low dynamic levels of excitation, there is no impact (see Fig.B.23), so an



B.3.4.2



B.8 and B.9.

PTl ! . . 1 .
gl 4 Iznstallation + aumidity = (6 -61)2 + (2 -50)2 ! 7:1% (B-8)
by P12, 2 2 — (9 -12)2 A2 p 90
ag f installaton ¥ Humidity — (2 -13) + (2 -43) f 3:2% (B-9)

B.4.2 Uncertainty of the closing point voltage Vi

The estimation of the uncertainty of V¢ done dynamically. The uncertainty of Vs for
high and low playing dynamics are presented below.

B.4.2.1 High playing dynamics

For high playing dynamics, the uncertainty of the coe cient V¢ comes exclusively from
the shock detection. The results for sensor 1 and 2 are shown in e®.10 and B.11.



PT1

piano

PT2

piano

B.12 and B.13 for sensor 1 and 2.

2
Accelerometers

+ Bumidty * rift = (2:80)*+(4:40°+(1:0° '  5:3%
(B.12)

* fumidy * B = (1:86)°+(4:437+(L:0° I 4:9%
(B.13)

2
Accelerometers



127,

The principle for obtaining the discrete transfer functions and the explicit expressions
of the Iter for each model are detailed. The aim is to convert continuous-time system
representations (the di erential equations of the reed models) todiscrete-time transfer
functions.

C.1 Principle

The conversion of a discrete-time signal to a discrete Iter is doneby means of the
Z-transform. The Z-transform is a discrete-time equivalent of the Laplace transform.
The bi-linear transform (also known as Tustin's method) is a Z-transform where the
parameter z is approximated as shown in eq.C.1.

o7 _ €77 1+sT=2

CesT2 11 ST €1

where T is the sampling period.

The inverse of this allows obtaining the discrete-time transfer éinction Gq4(z) from the
continuous-time transfer functions Ha(s). Thus, the transformation is obtained by
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C.2

2z 1

s= 1Inz
T Tz+1'

resulting in
Gol2) = HalSligz 12 = Ha 220 1
C.2 Models
C.21 K model
The equation of the low-frequency linear model is:
Ky®! H)=1 P();

which can be written:
y(k) = ! Kl P(k)+ H:

In this case, the obtaining of the transfer function G(z) is trivial:

G(2) = é:

C.2.2 Kne model

The equation of the non-linear sti ness model is:

K(y(t)! H)= P()+ Kcbye! y(t)c*:

(C.2)

(C.3)

(C.4)

(C.5)

(C.6)

(C.7)

The lter is the same as for the K model, but in this case the ltered signal is not! P

but U :

v =28 4

For y(k) e

In this case, the behaviour of the oscillator is such of the linear casg, (K):

LPM)

Yiin (K) = K

(C.8)

(C.9)






C.19 becomes:

R_(t)+ K (t)=1 P(t);

That transforms in the Laplace domain as:

Rp (p)+ K (p="! p(p:

The continuous-time transfer function G(p) relating and! pis:

® _ w

CP= 1 pp) T 1+ Rp

Discretizing this equation with the bi-linear transform we obtain:

G(2) = G(P)ip=pr, 1
with fg the sampling frequency.

The discrete lter is written:

1+2'1
G(2) = 1+ a3z' v
with
K +2fsR’
3, _ K1 2GR,
"7 K +2fgR°

The associated equation to the lter is:

kK= (¢ pk)! pk!t ) a (k1)

which written with respect to y becomes:

y(ky= (t pk)t  pkt 1)) agy(k! 1)+ ;

with
= H@+ ay):

(C.21)

(C.22)

(C.23)

(C.24)

(C.25)

(C.26)

(C.27)

(C.28)

(C.29)






C.20it becomes:
Me(t)+ R_(t)+ K ()=1 P(t);
which in the Laplace domain is:

Mp® (p)+ Rp (p)+ K (p)="! p(p):
The continuous-time transfer function G(p) is:

_ ® _ ¢
eP=, p(p)_1+,§|;+“.£p2

and the dicrete-time Iter, obtained with the bi-linear transform , is written:

1+27'1

G(2) = 1+ bz L+ bz 2°

with

2K | 8F2ZM
K+2fsR+4f2M°
K1 2fsR+4f2M
K+2fsR+4f2M°

8 i N |
% K +2fsR+4f2M°

]
T by
with fg the sampling frequency.

The equation associated to this lter is:

(K=(C! pk! 2 pkt ) pk! 2)! b (kP 1! b (k! 2);

(C.42)

(C.43)

(C.44)

(C.45)

(C.46)

(C.47)









4.2.1

The view of the assembly is given in Fig. D.1. The parts are numbered and listed
below. Other views are shown in Fig.D.2. Three elements are installed on the plate:
a system holding the mouthpiece, a system controlling the positiorof the arti cial lip,
and a system allowing for the installation of an external sensor.

The system holding the mouthpiece is composed by an adapter that conné&the mouth-

piece to the resonator (under the plate) without inner section disontinuity, and a clamp-

ing system that holds the base of the mouthpiece and prevents the diBdacement of the
mouthpiece produced by the force that the lip exerts against the syiem. These are the
parts 3to 7.

The system controlling the arti cial lip position is composed of two axial linear stages
and a hollow piece holding the arti cial lip. This piece can be easilyremoved and tted

in the same position using an additional piece that provides a referete. A cylindrical

bar is added to hold the arti cial lip. These are the parts 8 to 15.

The plate also contains a system designed to install a complementaryegsor. This sensor
can be a displacement sensorl[Lg or a 1/4" pressure microphone. The sensor is held
perpendicular to the lays in the upper part of the mouthpiece. A linear stage controls
the distance between the sensor and the mouthpiece. These are thans 16 to 21.
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D.3. The drawings of the
two clamps (parts 3 and 4) and two wedges (parts 5 and 6) are given in Fig.D.4,
D.5, D.6 and D.7, respectively. For the system controlling the arti cial lip posit ion, a
linear stage controls the horizontal position (part 9), and other linear stage ontrols the
vertical position (part 11). Both stages are held with a mounting bracket (part 10).
The dimensioned drawings of the junction between the mouthpiecethe plate and the
resonator (part 7) are given in Fig. D.8. The drawings of the support of the arti cial
lip system (part 8), the positioning plate of the arti cial lip support (part 12) and the
arti cial lip support (part 13) are in Fig. D.9, D.10 and D.11, respectively. The arti cial
teeth are a cylindrical bar of 4mm diameter. The articial lip is glued t o this bar in
centered position using cyanoacrylate adhesive. For the system degied to install the
complementary sensor, the dimensioned drawings of the angled suppo¢part 16), the
principal and secondary axes of the support (parts 18 and 20) are given in FigD.12,
D.13 and D.14, respectively. A linear stage (part 17) controls the perpendicular dstance
from the sensor to the reed.
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