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ABSTRACT

This contribution presents bassoon blowing experiments with
an artificial mouth. Given the precise adjustability of lip posi-
tion and blowing pressure, the challenge in the presented ex-
periment is to find those parameter combinations, that produce
“reasonable” sustained sounds. In a large set of blowing ex-
periments, artifical mouth adjustment parameters are identified,
for which sounding pitch is within af few Cents deviation from
the nominal pitch expected for that fingering. For those mu-
sically relevant regimes, an overview on the steady-state pa-
rameters of bassoon playing is given. The overview comprises
artificial mouth parameters (lip force, blowing pressure, time-
averaged flow-rate, RMS reed pressure, and reed pressure shape
parameters) and sound related parameters (harmonic spectral
centroid, formant frequencies, and loudness). The experiments
were carried out with one and the same synthetic bassoon reed
on five modern german bassoons and cover the complete play-
ing range in frequency (notes) and dynamics (loudness). The
observed variability between the five instruments is relatively
small. Yet the comparison of the steady-state parameters with
acoustic impedance curves provides some insight into the re-
sonator-reed interaction in the bassoon.

1. INTRODUCTION

When a reed wind instrument produces a sound, the periodic
closing of the reed valve is triggered by reflections of pressure
waves from the air column. The range of possible oscillatory
states is very broad; depending on the player’s interaction with
the reed, many different sounds can be produced for one and the
same air column.

Here, the aim is to investigate sustained notes in the usual play-
ing range of the bassoon. While it is relatively intuitive even for
a completely untrained person to start and maintain single notes
on a bassoon, it is problematic to imitate this process with an
artificial mouth: Even if such a device provides control over the
relevant parameters, it is still demanding to determine ranges
of these parameters, for which the blowing machine produces a
musical sound at the expected pitch on the instrument.

One systematic approach to study the operating regimes is to
keep one playing parameter constant, while varying others. Scan-
ning through the parameters in this way, the broad range of os-
cillatory and non-oscillatory states are explored, and the limits
of the working range of the reed can be found [1]. The param-
eter, that was kept constant here was not an adjustment param-
eter, but the fundamental frequency fo of the produced sound.
Parameter pairs of lip force and blowing pressure were inden-
tified, to play sustained notes in tune. Similar to the require-
ments that musicians must meet, the tolerated pitch deviation
was only £5 Cent. The fact that the blowing machine could
be operated successfully at reasonable levels with the required
pitch accuracy suggests, that the parameters obtained from “ar-
tifical” bassoon playing are also meaningful for the real musical
performance.

invited paper

double-reed
bocal

artificial lip

|
[a]l

Figure 1: Sketch of the experimental setup. Measured quanti-
ties in boxes (Pm, pr, Fiip, g, ps) are recorded instantaneously
during the experiment.

2. MATERIAL AND METHODS

2.1. Experimental setup

To measure the performance characteristics of the bassoon, a
self-built artificial mouth has been used that facilitates precise
lip adjustment (Figure 1). The main component of the device
is a synthetic bassoon double-reed (270M, Conn-Selmer Inc.,
Elkhart, Indiana, U.S.A.) which is rigidly mounted at its rear
end in the mouth pressure cavity. An artificial lip can be moved
towards the reed. The lip assembly consists of a rigid rib, imi-
tating the teeth, which is sheathed by a piece of cellular rubber.
On top of this, a glycerin filled air balloon is overlayed imitating
the dynamic properties of human lips. The lip is mounted onto
a precision load cell that can be positioned by two micrometer
screws parallel and normal to the longitudinal axis of the reed.
The pressure inside the reed is measured 30 mm downstream
of the reed tip. The mouth cavity is air-tight and the flow-rate
into the box is measured with a thermal mass-flow meter. The
external microphone was placed about 1.5 m from the large end
of the bassoon perpendicular to the longitudinal axis. Details of
the setup are given in [2].

The experimental procedure was as follows: After initiating
the tone, the blowing pressure p,, in the mouth and the lip force
Fiip were carefully balanced to play the note in tune at the soft-
est possible dynamic level. Having adjusted the correct pitch,
the blowing pressure was increased, followed by a readjustment
of the lip force to maintain the tuning. This procedure was
repeated to explore the complete parameter range for blowing
pressure p,, and lip force Fj;, for which this note on the instru-
ment could be sounded in tune. The blowing pressures were in
normal range reported for bassoon playing 1 kPa < p,,, <9
kPa [3], and standard fingerings [4]. The study was restricted
to sounds at the expected pitches for the respective fingerings,
multiphonics and other unusual sounds were excluded.

In this way, the complete musically relevant dynamical range of
a note, available for the specific fingering at a fixed lip position,
has been obtained experimentally.
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Figure 2: Reed pressure (solid) and the corresponding simpli-
fied Helmholtz-pattern (dashed), and integral mean reed pres-
sure p, > 0, for the note B2 (fo = 116 Hz).

2.2. Directly measured quantities

During the experiments, several quantities are directly measured
(see Fig. 1). Considering the instrument as a black box, the
measured quantities can be divided into input and output pa-
rameters.

Artificial mouth adjustment parameters

x; the position of the lip along the reed

F; the force of the lip

Pm the blowing pressure in the “mouth” cavity.

Together with these adjustment parameters, the resulting output
data characterize the

Working point of the reed

pr the unsteady reed pressure in the reed,

ps the sound pressure in the surrounding of the setup
g the mean volume flow-rate through the reed

At a fixed position of the lip, for a given resonator, the experi-
mental situation is completely defined with these five measures.
The setup is rugged enough to swap the resonator parts (i.e. bas-
soon and bocal) without changing the embouchure.

2.3. Derived parameters

Additional features have been extracted from the raw data record-
ings in the time and frequency domain. Time averaged values
of lip force Fij, and blowing pressure p,, have been used to
link the experimental situations to an analytical two-parameter
model for the reed.

Reed pressure waveform parameters

In the normal playing regimes on the bassoon, the reed fully
closes once per period and performs a two-step motion. Dur-
ing one part of the period (duration 7,), the reed remains open,
pr > 0; in the subsequent part (duration 7.) the reed is closed
pr < 0. The subscripts (.), and (.). mark the open and closed
period during one cycle. For a typical bassoon reed configu-
ration, the measured reed pressure waveform (p,) is shown in
Fig. 2. Within the two episodes of the pressure waveform p,
which are determined by the zero crossing of the reed pressure
signal, the integral mean pressures are p, and p., respectively.
Another measure that can be read from the pressure waveform
is the RMS values of the reed pressure. This excitation sound
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level is related to the dynamic playing level of the instrument.
As an additional parameter the maximum underpressure during
the closed episode of the reed p., min is given.

In summary, the following six time-domain parameters are used
to describe the operation point of the bassoon reed:

To,c the duration of reed opening and closure during one cycle,

Do, the integral mean pressure in the reed during the opened
and closed episode,

Pe,min the minimum pressure during the closed episode,
pr,rvs the RMS value of the reed pressure

Timbral spectral parameters

Characteristics of the spectrum of a sound are correlated
with the perception of timbre. Many acoustical parameters and
“features” of sounds have been suggested as descriptors of tim-
bre. Only very few, purely spectral parameters will be used
here, based on the widely accepted algorithms from the ISO
Standard ISO/IEC 15938 (MPEG-7) [5], the phonetics software
praat [10], and the German standard DIN 45631.

The MPEG-7 description standard defines among many oth-
ers, three purely spectral parameters for timbre characteriza-
tion. The three parameters are called the harmonic spectral
centroid (hsc) in Hertz, the harmonic spectral spread (hss)
and the harmonic spectral deviation (hsd). They are defined
as the amplitude-weighted mean of the harmonic peaks of the
spectrum (hsc), and the amplitude-weighted standard deviation
of the harmonic peaks divided by the harmonic spectral cen-
troid hsc (hss). The harmonic spectral deviation (hsd) is a
measure for the deviation of the amplitudes of the partials from
a global (smoothed) spectral envelope [5].

The parameters have been calculated with freely available code
TimbreToolbox [5] from the developers of the standard.

A similar timbre characterisation method in the frequency do-
main is the formant analysis. Formants are broad peaks in the
spectral envelope of a sound [6]. Although “formant” is a term
from voice analysis, formants are not only found in sounds of
singers, but also in the sound of conical wind instruments [7, 8].
In contrast to the spectral centroid it based on analyzing a num-
ber of local maxima in the spectrum. Their relative positions
on the frequency axis are relevant for the impression of tim-
bre. Each formant is characterized by a center frequency F;
and a bandwidth Br;, where i is the ordinal number of the for-
mant. Formant analysis is attractive here, because the formant
frequencies detected in bassoon sounds were largely insensitive
to the sound recording position in non-ideal room acoustics [9].
In this study the Burg-Algorithm in praat [10] has been used
to detect four formants for frequencies up to 5 kHz with the
Burg-Algorithm from the recorded time-domain data of one sec-
ond duration. These spectral timbral descriptors are calculated
for both the pressure inside the reed and the sound pressure in
the surrounding of the instrument. In psychoacoustics a number
of approaches are suggested to assign a metric to a sound that
describes its perceived loudness. These loudness models take
spectral and temporal characteristics of the sound pressure into
account, with respect to the capabilities of the human auditory
system. Here, the first standardized loudness model of Zwicker
(DIN 45631) has been used to assign a scalar loudness value NV
in the dimension Sone to the sound recorded in approximately
1.5 m distance from the instrument.

In summary, the following ten frequency-domain parameters
are used to describe the operation point of the bassoon reed
and the sound radiated from the instrument. The subscripts
(.)r and (.)s indicate whether the property was derived from
the sound spectrum measured inside (reed pressure) or outside
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(sound pressure) of the instrument.

hscr s the harmonic spectral centroid
hsss the harmonic spectral spread,
hsds the harmonic spectral deviation,

Firs (i = 1..4), the center frequencies of the first four for-
mants

Bpris (i = 1..4), the band widths of the first four formants
N, the psychoacoustical loudness

Quasistatic reed model parameters

The quasistatic reed model [11] predicts the flow-rate through
the pressure dependent reed slit opening as

q=gqa (1—&> Zp ey

pPmMm pmMm

where Ap = p, — pp, is the pressure difference between the
pressure p, inside the reed and the pressure p., in the mouth
cavity; g4 and pys are model parameters in dimensions of volume-
flow rate and pressure. The function given by Eq. 1 has a max-
imum gmax at the so called saturation pressure p, s. Reading
these two values from measured curves, the model parameters
can be determined as

3
qaA = 5\/§Qmax, PM = 3pm,s (2)

For details see [11, 12] Especially pas and g4 are important, as
they can be used to characterize the working point with respect
to an analytic model [11, 13]. The non-dimensional blowing
pressure v and non-dimensional embouchure parameter ¢ are
defined as

m A
y=Pm o=z, A 3)
pPmMm PM

where Z. is the characteristic impedance of the air in the cross
section at the bocal tip, where the reed is attached to the re-
sonator.

The applicability of this analytic single-reed model to the case
of the double-reed has been proven [12]. From pas and ga a
reed equivalent stiffness K; per unit area can be deduced as

K. = bm /ﬂy 4)
qa P

where p is the air density.

These parameters depend upon the initial slit height of the reed,
which is closely related to the lip force applied to the reed blade.
Measuring lip force during performance allows to link any quasi-
static working point of the reed to these model parameters [14,
2].

In summary, the five parameters that were derived from the ar-
tificial mouth adjustment parameters and the describing the em-
bouchure under playing conditions are the following:

DM pressure parameter,

qa volume-flow parameter,

K reed stiffness per unit area,

~ non-dimensional blowing pressure

¢ embouchure parameter

2.4. Bassoons and bocals used in the experiment

The tested bassoons were modern German Bassoons from the
manufacturers Adler, Hiiller, and Heckel. From the latter man-
ufacturer, a student model and a professional model have been

invited paper

used. The bocal were type CDO and CC1 of Fa. Heckel (Wies-
baden, Germany) and type N6 of Fa. Wolf (Kronach, Germany).
The N6 bocal used here has the same length as Heckels CCl1;
CDO is about 5 mm shorter. One of the bassoons has been mea-
sured with both N6 and CDO.

3. RESULTS

3.1. Parameter ranges

For the parameters described above, characteristical values are
given in Table 1. These values have been obtained from blow-
ing experiments with an artificial mouth, obtained with one and
the same synthetic bassoon reed on five different bassoon-bocal
combinations. For all instruments and notes played, the lip was
in the same intermediate position z; = 10.75 mm from the reed

tip.

Table 1: Typical values for parameters in artificial mouth blowing ex-
periments on a modern German bassoon. The values are given as a range
(“)min - - - (*)ma= oOr as a mean value (-) + o (o: standard deviation).

Symbol Unit Range

artificial mouth
adjustment }3 D [kPa] 1.1...12
parameters 2 Fiip [N] 0...7
g T [mm)] 0...15

working point | >

of the reed g q [1/s] 0.02...0.42
5| pr(t) [kPa] —24---48
ps(t) [Pa] arbitrary
fo [Hz] 58...592
Pr.RMS [kPa] 1...9
ps.rms  [dB SPL] 72...95
hscy [Hz] 380...1000

reed pressure
waveform Te [ms] 2.8...0.75
parameters Te)T [-] 0.1...0.45
Do [kPa] 0.2...8
Pe [kPa] —12---—2
De,min [kPa] —24-..—5
[Pe/Po| [-] 1...7

timbral spectral
parameters % hscs [Hz] 580...1500
54 hsss [-] 0.2...0.7
E | hsds -] 0.1...03
3 i [Hz] 540 £+ 110
3 Fs [kHz] 1.2+£0.18
£ Fj [kHz] 1.940.2
= Fy [kHz] 3.14+0.6
Br1 [Hz] 220 £ 160
Bra [Hz] 470 + 280
Brs [Hz] 730 + 450
Bry [Hz] 890 + 470
N [Sone] 44 +12

quasistatic reed
model parameters M [kPa] 74+1.8
qa [m*/s] (0.6 +£0.3)1073
K,  [Pa/m®] (1.6 0.35)10°
o [-] 0.16...1.4
¢ [-] 0.6...2.7

3.2. Comparison of five instruments

The mouth pressures p.,,, range from 1.5 kPa to more than 10 kPa
(Fig. 3(a)). Blowing pressures larger than 10 kPa are unrealisti-
cally high [3]. Therefore, the vertical axis in Fig. 3(a) is cropped
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Figure 3: Input parameters p,, and Fijp

at this value, although notes could be played for even higher
mouth pressures.

Ascending the scale, the minimum mouth pressure to sound a
note in tune increases approximately linear with log-frequency:
Lower notes require less blowing pressure than higher notes.

In general, two regions can be identified in Fig. 3(a): The lower
notes (from Bb1 to A3) offer a smaller blowing pressure range
(1 kPa< Ap,, <5.5kPa) and are played at lower mean value of
Pm = 2.5 kPa; the higher notes (A3-D5) have a larger blowing
pressure range (4.5 kPa< Ap,, <9 kPa) and a higher blow-
ing pressure offset. Compared to the mouth pressure, the lip
force characteristics to sound the notes in tune is irregular, no
simple dependence on the log-frequency scale can be observed
(Fig. 3(b)). Very generally speaking, the mean values Fj are
smaller at the lower and upper limit of the tonal range, and
larger in between. Adjacent notes may require a very different
Fiip offset. For each single note, the lip force range AFj;p in-
dicates the adjustments needed to compensate for tuning when
changing the dynamic level. This value reaches up to several
Newtons and largely depends on the tuning properties of each
instrument, and, naturally, on the position x; of the lip on the
reed, which was constant in all measurements presented here.
Apparently the bassoon-bocal combination bsnl (open circles
in the graphs) was tuned too low and required globally a higher
lip force, whereas for the combination bsn5 (triangles in the
graphs) the opposite trend is observed in Fig. 3(b).

For each note, the oscillatory regime established for a combi-
nation of p,,, and Fj;, is characterized by the output parameters
RMS-value of the reed pressure p, rars and the time-averaged
volume flow-rate q. These may be called primary output para-
meters, because they are distinct measures at the operating reed,
directly measurable without further analysis.

The RMS reed pressure p,. rars for musically relevant regimes

ranges from 1 to 9 kPa, equivalent to 154 to 173 dB SPL (Fig. 4(a)).

The minimum value for the softest regimes iS Py min = 2 £
0.5 kPa, the differences on one note comparing between instru-
ments exceed 1 kPa. This observation is largely influenced by
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Figure 4: Output parameters p, rys and ¢

the tuning of the instrument. Ascending the scale, the mean
RMS reed pressure pr, ra s tends to increase slightly. The notes
of the lower register have a large fluctuation in p, rars across
the log-frequency axis. This fluctuation is decreased for higher
notes; apart from some outliers, p, rass is here around 4.2 kPa.
The time-averaged volume flow-rate g ranges from up to 4.5x10™
m?3/s for C2 at the lower end of the tonal range, to less than a
tenth of this value at F4 in the medium high register (0.25x10~*
m®/s). The notes Bb1 to E2 require the most volume flow (g
=2x10"* m3/s). From F2 to G4, the mean flow § decreases
from 2 to 1x10~* m3/s. From A4 upwards in the note scale §
tends to increase again (Fig. 4(b)). These general trends in the
flow-characteristics resemble the inverted lip force characteris-
tics (Fig. 3(b)). The flow-rate tends to be increased for notes
which are played at lower lip forces.

3.3. Relation with resonator acoustics

To experimentally determine the number of relevant air-column
modes Mymodes for a real bassoon and to show its change with
the fingering, a rescaling of the magnitude of the input impedance
curve is helpful. When the reed is beating, it is locked as a non-
linear exciter to a linear resonator. For a qualitative description
of this mode-locking phenomenon, Fletcher gave several quali-
tative criteria for both system components [15]. He postulated
that 1) air column modes must be strong and ii) nearly harmon-
ically related to participate in a mode-locked regime of oscilla-
tion. In the present study, measured input impedance curves of
the bassoon have been analyzed with respect to these criteria.
For each fingering, a selection of modes has been made in order
to meet Fletchers criteria. To meet criterion i), the impedance
peaks -6 dB lower than the maximum peak were neglected. To
meet criterion ii) all modes which are more than 100 Cent (one
semitone) off the nearby harmonic frequency were excluded.
Summing up the remaining modes yielded the number of sup-
porting air column modes Nmodes. The comparison of |pe/po|
from blowing experiments and 1, 04es Obtained from the above
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(Ipe/pol) and the number of supporting resonator modes

(nmodes)~

analysis, shows their close relationship (Fig. 5). This very good
agreement with the theoretical predictions [16, 17] indicates the
proper choice of the thresholds + 100 Cent for the harmonic-
ity and -6 dB for the impedance magnitude, to determine the
number of relevant air-column modes.

With

4. DISCUSSION

an experimental apparatus it is possible to “artificially”

play the bassoon and to investigate its acoustical behaviour un-
der realistic playing conditions. The possibility to precisely ad-
just the artificial lip is very important to being able to carry
out blowing experiments covering the full tonal and dynami-
cal range of this instrument. A large set of benchmarking data
describing the bassoon under quasi-stationary operation con-
ditions is presented, including the time-averaged volume flow

during playing.
time-

In particular, the measurements include the
averaged volume flow and lip force during playing. The

measured lip forces and blowing pressures for each note allow
insights into the intonation corrections, that musicians have to
do in fine-tuning the pitch.

The mean lip force during a sustained note can be used to link
the steady-state operating parameters of the reed with the classi-
cal model of quasi-static flow through a reed channel. A reason-
able applicability of this model for the case of the bassoon has

been

shown elsewhere [2]. This makes it possible to “translate”

artificial mouth adjustment parameters characterizing realistic
embouchure configurations into reed model parameters in rele-
vant playing regimes.

Furthermore, attempts have been made to relate aspects of the
bassoon performance to the resonance properties of the air col-

umn.

The presented experimental data confirms for the practical

case of the bassoon that the reed pressure waveform is largely
determined by the number of supporting air column modes of
the resonator which ranges up to seven for the lowest notes.
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