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In the flute family, the oscillation is due to the instability of a jet at the output of a channel coupled

with an acoustic resonator.

Recent physical models allows to simulate the behavior of the complete

instrument, but we still lack a convincing way to drive them. The simulation of the isolated instrument
must be completed with a model of the control exerted by the flutist.

Depending of the instrument of the flute family, the number and type of control parameters are different.
For example, in a recorder the player blows inside a fixed channel built by the instrument maker and in
the case of the transverse flute, the channel is shaped by the player’s lips during the playing.

This paper presents a simple model of flute player, based on measurements carried on instrumentalists
playing on a transverse flute. The model is generating the basic features of the instrument control in
order to produce given pitches and dynamics. The coupling with a flute synthesis algorithm by physical

modeling allows to study its validity.

1 Introduction

Due to the complexity of the jet labium interaction,
physical modeling of the flute instruments family is late
compared to many instruments, piano and violin for ex-
ample. Jet studies started with Rayleigh [9] in 1890.
The first stationnary model of the jet drive coupled with
a resonator was given by Cremer and Ising in 1968 [2]
and an important improvement of the description of the
recorder physics was done by Verge in 1995 [10].

Since these works, one direction is to extend the
recorder model to the transverse Boehm flute as in De
La Cuadra [3]. It leads to working synthesis algorithm
that can be computed in real time on actual computers.
The problem is the impressive amount of control param-
eters to drive the synthesis, even for such "basic” task
as playing one note: the complexity of the instrument
is reflected in its digital representation. The aim of this
paper is to introduce a model of the control exerted by
the flutist at the entrance of existing synthesis by phys-
ical modeling algorithm. The solution presented here is
based on measurements realized on real players in quasi
normal playing conditions [8].

Section 2 describes the flute system and briefly ex-
plains the synthesis algorithm used for the instrument.
Section 3 presents the model developed and Section 4
compared the data generated by a controlled flute model
and measurements made on real players and discuss the
pertinence of our work.

2 The flute system

The aim of this paper is not to discuss sound synthe-
sis by physical modeling of a flute (see [3]). However,
as explain before, the description of the instrument is
necessary to understand the role of the instrumental-
ist. We recall here the more important points of actual
algorithm and the choices we made.

2.1 Model geometry

We choose to have a simple model that allows real-
time computation but neglects some specific point of the
transverse flute notably the angle of the jet towards the
labium, the conicity of the first element of the resonator
or the head joint.

The transverse flute is modeled by extending the de-
scription developed by Verge [11] for the recorder. The
lips of the players are seen as a conduct of length [,
with an opening surface towards the flute S, and an
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opening height h.. The distance between the lips open-
ing and the edge of the labium is W and the transverse
displacement of the is at a vertical distance 7y of the
same point. The pipe is considered a one piece cylinder
of constant radius a open on its extremity at a distance
L of the labium.

Figure 1: Side view of the flute model.

2.2 Sound synthesis

Lumped elements seems a good choice to simulate the
behavior of the flute [4]. We use four elements calculated
separately, the connections between them are presented
at figure 2:
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Figure 2: Flute looped diagram.

The channel implements the conduct where the jet
is formed. It computes the value u; of the jet center ve-
locity regarding the pressure in the mouth of the instru-
mentalist p,, using an incompressible fluid movement
resulting in a Bernoulli equation [6]:

dU,j

pole T+ u2(t) = (1) (1

where pg is the air density and the length [, is seen as a
constant.



The jet is the block computing the amplification and
movement of the jet over the distance between the lips
and the labium. It is the key part of the flute model
and is the subject of many experiments. We choose here
the empirical results of Cuadra et al. [3] that describes
the jet using an exponential model. It is simplified to
remove the frequency dependency of the jet response to
the acoustic field. It allows us to compute the vertical
position of the center of the jet ny with

nw (t) = no(t — W/0.3u;)e* " (2)
where «; is an empiric value and 7 is the perturbation
at the origin given by:

3)

The sources are the aeroacoustic sources induced by
the interaction between the jet and the labium. This el-
ement is modeled by a pressure dipole A, made by three
different aeroacoustic sources. The main source is the
acoustic field resulting of the jet oscillation interaction
with the labium. It follows:

o (4)

Ap;(t) = aw(t)

where ay is a value depending of the distance W and
Qin, 1s the flow going inside the instrument, thus strongly
depending of the jet position 7y,. The two other sources
are the turbulence induced by the interaction between
the jet and the labium and the vortex shedding at the
labium. See [10, 5, 3] for more details.

The resonator block describes the acoustic field in-
side the resonator, specially the acoustic pressure py
and velocity vy at the entrance of the pipe. The mod-
els combines three different effects:

e the propagation of plane waves along the pipe us-
ing the wave guide formalism

e the visco-thermal losses caused by the inner walls
of the pipe (see [7]).

e the radiation of a part of the wave at the extremity
of the pipe.
2.3 Input parameters

In order to drive the flute model, the following parame-
ters must be given:

e the pressure in the mouth of the instrumentalist
Pm

e the mouth opening surface S,

the mouth opening height h,

the distance between lips and labium W

the length of the pipe L
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2.4 Recorder reduction

In a recorder, the channel geometry is fixed by the in-
strument maker. The parameters S.,h. and W are thus
constant and the control parameters are only the mouth
pressure and the length of the pipe.

3 Flute player modeling

3.1 Objectives

The aim of this work is to add a model of an instru-
mentalist in entrance of the instrument synthesis. We
develop a model based on an analogy with simplified
real flute performance. Reading a score, the musician,
leaning on his technique, translate his musical intention
into a set of parameters to play the instrument.

We simplify the score by MIDI keyboard informa-
tion: a pitch and a velocity. This will be the control of
the instrumentalist we’ll had at the end . With these
MIDI informations, the model must be able to compute
a working set of control parameters to achieve a simple
musical task: playing a note at a certain dynamic. As
the musical tasks we want to command are very simples,
we’ll refer to this part as “the playing technique”.

As a first approach, the objective is only to control
the static operation of the flute. No fine temporal con-
trol are used, and no model of attack or articulation
between notes are developped here.

>L
pitch — ] L pm —»
Playing > Prap
technique — uj — parameters
velocity —» ) — > he
mapping

— 0 —»

) —>W
—a "

Figure 3: Flutist modeling using two blocks.

3.2 Measurement regression

The model is divided in two parts as presented in Figure
3. The first part is based on measurements realized on
flutists in real playing conditions. Control data as py,,
W or S. were collected with pressure sensors and a cam-
era on 12 high level flutists. Amongst the set of data
available, four parameters seemed to describe a com-
plete state to achieve flute playing regarding the pitch
and the dynamics [8]. These four relevant parameters
has been chosen as a basis for the player model: L the
pipe length, 0 = u;/fW the dimensionless velocity, g;
the jet flow at the lips opening and p,,.

A bi-dimensional regression is applied on the aver-
age measurements recorded on flutists playing scales at
different dynamics. For each parameter v we obtain a
law of the form:

Y(f,d) = Bo + B1f + fad + B3 fd (5)
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where 7 is one of {6, ¢;,pm}, f is the note to play (in
Hz) and d the dynamic (in MIDI ranging from 0 to 127).
The length of the pipe is determined by analogy with
the real modern Boehm flute (see [1]). On the simplified
instrument, the flutist plays the first mode of the res-
onator from C4 to C#5, then the second mode from D5
to C#6. For the highest octave the real fingerings make
use of the third or fourth resonances in a complex way
and no general rules can be written. We choose to ex-
tend the mechanism to the third octave, having the pipe
played on its third resonance from D6 to C7. Finally,

depending on the note to play:
L(f) =

nco
2f
where n € {1,2,3}. This basic resonator will not be
well tuned as to have the good pitch, you must include
in your length the correction of the pipe extremity and
tone holes, the visco thermal effects, and the covering of
the embouchure by the instrumentalist. To play in tune
is not important for the purpose of our synthesis.

These results are presented for a part of the tessitura
in Figure 4.

(6)

%4 F4 A‘4 55 F‘5 A‘5 D6
Figure 4: Measured values (*) and regression (—) for
L,0,q; and p,, for three dynamics(pp, mf, f f)

3.3 Mapping

The regression block manage the control of the length L
of the resonator and pass a set of data to the mapping
block to compute the others parameters. This block first
calculate a desired jet velocity u;q

2pm
£o
This value represents the stationnary velocity the flutist

wants to obtain when he plays with the pressure p,,.

With this value we can compute the distance between
the lips of the player and the labium:

WZUjd/fe

(7)

Ujd =

(8)
and also the mouth opened surface.

9)

Se = qj/uja
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The observations we made on the height of the chan-
nel shows that flutists maintain a quasi constant ratio
between this value and S.. h, is directly computed with

he = V/Sc/2

Finally, the pressure p,, turns out to be to high to con-
trol our instrument model. A correction factor apqp
has been empirically determined to correct the pressure

(11)

(10)

Pmap:
Pmap = ¥mapPm

with a value of ayyqp around 0.6.

3.4 Implementation

The modeling was implemented in the Pure Data soft-
ware. This environment allows us to easily manage code,
interface, audio device and MIDI control in real time.
The flute model was developed in C as an external ob-
ject and the player control was directly coded in the pd
graphical language.

4 Results and discussions

To discuss the interest of our model, we compare some
real measurements to the coupling between the flute
and the flutist models. A specific interest of the phys-
ical modeling is the great quality of the control one
can apply to the instrument, therefore we choose to
compare two tasks easily achieved with our model: a
crescendo/diminuendo and an octave interval.

The musician was asked to play the sequence and the
pressure prqq was recorded by a static microphone at a
distance of approximately 1 m [?]. The same task was
commanded to the model by controlling the pitch and
the velocity. The value of the pressure at the entrance
of the pipe p,, was recorded during the operation. To
simulate the radiation of the pipe from this pressure, we
filtered the pression by a second order filter high pass
filter cutting at 5kH z.

The comparison is done on these two data by three
perceptive representation of the signal. First, the ampli-
tude of the signal is rapported to a sound pressure level
decibel calculated on a 125ms window, then the spectro-
gram of the pressure is plotted and finally the evolution
of the spectral centroid divided with the fundamental
frequency is obtained with:

S S (B)Pa (B, )
SCr(M) = 5= o)

where P, (n) is the the Power Spectral Density at in-
stant n and fy is the frequency of the first note to play.

(12)

4.1 Playing of crescendo/diminuendo at
a given pitch

The first task for comparison is a crescendo and dimin-
uendo at a fixed pitch. The musician was asked to play
the sequence on Figure 5 and the same task was com-
manded to the model by moving the velocity from 1 to
127 and back to 1 in 10 seconds with a given pitch. The
descriptors are plotted on Figure 6.
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Figure 6: Comparison between a
crescendo/diminuendo realized by the synthesizer (up)
and by a flutist (bottom). Are plotted the pressure
amplitude in dBgpy,, its spectrogram and its spectral
centroid against the time.

The first result is that the note is played by our syn-
thesizer. The decibel scale shows that the py pressure
is louder than p,.q. Even if we know that the radiated
pressure has a complexe pattern not implemented here,
a difference of 20dB must indicate an overestimation of
the sources. The amplitude of the synthesize signal is
increasing by 7-8dB during the crescendo before to de-
crease to its initial value during the diminuendo. The
two other parameters follows the evolution of the am-
plitude linearly and without fundamental change of the
pressure shape.

Analysis of the p,.q pressure shows two different
strategies. First the evolution is nearly the same than
the model, the amplitude evolves and the centroid slightly
moves. But to achieve fortissimo playing, the flutist
adopts a different way of increasing the loudness. The
overall amplitude of the signal decreases a bit but the
spectral centroid of the sound moves towards the higher
frequencies increasing the second and third harmonics
energy (= 1500 — 2300Hz). The human ear is much
more sensitive to these frequencies having as a conse-
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quence a louder perceived sound.

4.2 Playing of octaves

J =50

G==s

Figure 7: octave interval.

The second task is the playing of octaves. The se-
quence played by the flutist is presented on the Figure 7
The model was ordered to play A4 with a velocity of 64
for 5 seconds and then to play A5 with the same veloc-
ity and for the same time. In order to play this interval,
both the player and the model keeps the same resonator
configuration and only play with the other parameters.
The resulting data are shown on Figure 8.
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Figure 8: Comparison between an octave interval

realized by the synthesizer (up) and by a flutist

(bottom). Are plotted the pressure amplitude in

dBgpr, its spectrogram and its spectral centroid
against the time.

We recall that the spectral centroid is divided by the
first frequency to play, A4 here. The model manage to
play the interval as we can see with the pattern change
on the spectrogram and with the centroid displacement.
However, where the real player keeps a nearly constant
amplitude, the model increase its pressure level of 15 dB
when changing note. We can also see that the transition
between the notes results in an impoverishment of the
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spectrum and a big variation of the centroid with the
model where the player has a smooth evolution of both
features.

5 Conclusion

The player model we presented here manage to achieve

[4] B. Fabre and A. Hirschberg. Physical modeling of
flue instruments: a review of lumped models. Acus-
tica united with Acta Acustica, 86:599-610, 2000.

B. Fabre, A. Hirschberg, and A. Wijnands. Vor-
tex shedding in steady oscillation of a flue organ
pipe. Acustica united with Acta Acustica, 82:863—
877, 1996.

two simple musical tasks chosen to test it: a crescendo/diminuendo

and an octave interval. It can control the production of
static notes with a quite good accuracy. However the
control it handles on the spectrum content of the sound
is far from the quality of a human player. Where a
player adapts and changes his strategies, the model is
only able to produce a set of data resulting of a mean
of all the flutist recorded.

One direction to improve this work could be to ana-
lyze the playing of one flutist and to identify the strate-
gies he employs when confronted to specific tasks. By
this analysis, we could implement some fine temporal
control of the parameters, specially for the articulation
between different notes.

Adding a detection of the pitch and the loudness of
the sound synthesized could be of great interest to feed
this information back to the player model and to allow
it to adjust the produced parameters. It will enhance
the homogeneity of the sound over all the tessitura of
the instrument. Further developments also include a
fine modeling of the resonator to simulate the radiation
and to increase the quality of the synthesized spectrum.
It will also enable a fine comparison between the two
radiated pressure.
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