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ABSTRACT

Accurate sound synthesis of reed instruments based on
physical models is of primary importance in the develop-
ment and prediction of the sound produced by such de-
vices. Since the sound is produced by reed oscillation,
correct modelling of this part is mandatory. Several at-
tempts have been explored in literature both by direct and
inverse modelling. Here an imaging-based approach for
characterising the reed dynamic behaviour is presented,
using a high-speed camera and a Digital Image Correla-
tion technique that allows the measurement of the reed
vibrations under exponential sine sweeps pressure excita-
tion signals. The transfer function between the reed and
the driving pressure is estimated at different jaw forces us-
ing an artificial lip. This approach allows for direct mod-
elling of the reed as a single-degree-of-freedom oscillator
that can be implemented in sound synthesis.

Keywords: reed, computer vision, high-speed camera,
saxophone

1. INTRODUCTION

The saxophone reed is responsible for the sound the in-
strument generates since its vibration generates a pres-
sure variation over time that the instrument’s body am-
plifies. Its oscillating frequency differs from its natural
frequency, and it is imposed by the resonance frequency
of the instrument in a feedback mechanism. Modelling
the instrument-reed interaction has been first studied for
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a clarinet-like instrument (such as the saxophone) in [1],
where the reed is assumed to behave as a single-degree-
of-freedom oscillator, with the oscillations forced by the
pressure difference across its surface. The same assump-
tion on the reed dynamics is the most common approach in
literature and is used by many authors [2-6]. Others sim-
plify the reed model by assuming that the resonance fre-
quency is much higher than the instrument’s one, leading
to a quasi-static model of the reed where the displacement
is directly proportional to the pressure difference [7, 8].
This simplification is no longer valid as the instrument
resonance frequency gets closer to the reed resonance fre-
quency, thus, it is of mandatory importance to estimate
its frequency response. Here, the reed transfer function
that relates the reed motion to the acoustic pressure is es-
timated with a high-speed camera and a microphone. Dig-
ital Image Correlation is used as an image tracking algo-
rithm to measure the reed displacement. Lip influence is
considered, and the transfer function is measured at dif-
ferent biting forces. At last, least-squares optimization is
used to fit a numerical model of the reed with experimen-
tal data, retrieving the reed stiffness, resonance frequency
and damping for each lip force.

2. MATHERIALS AND METHODS

Following the acousto-mechanical modelling of the reed
from the literature, the transfer function defined in Eq. (1)
that relates the reed displacement y(¢) with the acoustic
pressure p(t) is estimated to retrieve the resonance fre-
quency w,., the stiffness &, and the damping & of the reed.

i(t) + 28wy (t) + wiy(t) = (1)

A synthetic reed (Legere 3 tenor saxophone reed) is
measured with a high-speed camera Mikrotron Cube7 and
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a Bruel & Kjaer 4170 microphone inserted in the mouth-
piece via a lateral hole placed 2 mm away from the reed
tip. The microphone pressure is acquired with a Bruel
& Kjaer Pulse acquisition system. Calibration of the im-
age system is performed with a calibration sheet, which
is used to compute the pixel-to-millimeter ratio, while
the microphone is calibrated with a pistonphone Bruel
& Kjaer type 4228. The chosen reed is made of a syn-
thetic material, allowing us to discard the humidity’s ef-
fect on the reed’s flexibility, leading to more constrained
boundary conditions. The reed is mounted on a saxophone
mouthpiece, with a speaker connected to the mouthpiece
through the hole where the saxophone neck is usually fit-
ted. The effect of the player’s lip biting on the reed is sim-
ulated with a soft foam of 10mm by 20mm and Smm thick,
with a hanging mass that determines the jaw force applied.
The mass is varied from Og to 1000g with steps of 250g,
to simulate different biting forces on the reed. The Og
condition is achieved by removing the artificial lip, which
means that the reed is simply clamped to the mouthpiece
via the ligature. A constant light source is placed behind
the reed, acting as a bright background in the recorded im-
ages and allowing for higher contrast in images, which is
mandatory for image analysis. The experimental setup is
schematized in Figure 1.
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Figure 1. Scheamtic lateral and top view of the ex-
perimental setup.

The chosen signal is an exponential sine sweep gener-
ated with the plugin Aurora for Audacity [9], which also
computes the inverse filter that will be used to remove all
the harmonic distortions of the measured signals, allow-
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ing the retrieval of the linear response of the reed. For a
signal s(t), this is achieved by computing the convolution
between the signal and the inverse filter as in Eq. (2):

2

where x71(t) is the inverse filter of the exponential sine
sweep z(t). Looking at the time series of the convolution
result (¢), a series of peaks that correspond to the impulse
responses of each harmonic is visible [10]. The linear re-
sponse is the last impulse response visible in the series and
can be isolated by taking a time window around it. An ex-
ample of the convolution result is presented in Figure 2.
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Figure 2. Convolution result of the measured dis-
placement with a load of 0g. A zoom is performed
on the linear response.

Once the linear impulse responses of the pressure and
displacement are retrieved, the measured transfer function
of the reed H,,(f) is evaluated in Eq. (3) as the ratio
of the FFTs of the windowed impulse responses of the
displacement ¢’ () and the pressure p’(¢).

3)

Performing the Laplace transform of Eq. (1) using the
operator s = jw = 2j7 f leads to Eq. (4).
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Y(s) 1 w2 4
P(s)  k, 82+ 28w,s + w? @
The measured transfer function can then be used to
estimate the resonance frequency w,, the damping £ and
the elastic coefficient &, of Eq. (1) by fitting the analyti-
cal transfer function H (s) with the experimental transfer
function H,,(f). This can be done with least-squares op-
timization that aims at finding w,., £ and k&, as in Eq. (5).

H(s) =

(wr, & kr) = argmin[[H(f, )| — [Hn (fIIl, ¥ 5)

2.1 Image tracking

Tracking the reed’s movement can be trivial, but the
choice of image-tracking algorithm is crucial for the cor-
rectness of the obtained results. Digital image correla-
tion (DIC) [11] is used here to track the movement of the
reed; this procedure allows for computing the image shift
between two different frames by computing the cross-
correlation function between them, similar to the tech-
nique used to calculate the time-lag between two audio
signals. The technique can be easily applied due to the
image setup constraint, as it is possible to isolate the reed
movement entirely from the surrounding ambient, as can
be observed in Figure 3, where the only moving object is
the reed.

Figure 3. Reed tip acquired by the camera.

The cross-correlation between two images can be
computed efficiently with the discrete Fourier transform

(DFT) as
r=F1(Gy0G3) (6)

where o is the element-wise multiplication of the DFT G,
and G}, of the image I, at time ¢ and the reference image
I. The displacement is then equal to the position of the
maximum correlation coefficient and can be retrieved as

(Az, Ay) = arg Jf(r1a§<(r) )
27]

This approach is limited to discrete displacements of 1
pixel, while sub-pixel precision is required due to the
small movements of the reed. A straightforward solution
is to interpolate the cross-correlation function and find
the new maximum given by that interpolation [12], thus
achieving sub-pixel accuracy. Here, a 3rd order interpo-
lation is used from the Python [13] library Scipy [14] by
performing a zoom with an enlargement factor Z = 10,
which leads to a sub-pixel accuracy of 0.1 pixel. To save
computational costs, interpolation is performed on a small
window around the pixel-level peak. The overall displace-
ment due to the pixel displacement plus the sub-pixel dis-
placement is then given by Eq. (8) as

1
(Ax, Ay) = argmax(r) + — argmax(r’)  (8)
(i:4) Z 7 )

where 1’ is the interpolated cross-correlation. To avoid
problems at the borders that could cause aliasing, the im-
ages are multiplied by a two-dimensional Hann window.
Also, contrast is enhanced via histogram stretching and
noise is reduced with a Gaussian blur using OpenCV [15].
The algorithm steps are reported here:

1. Compute the FFT of the reference image multiplied
by the Hann window.

2. Compute the FFT of the image at time instant ¢.
3. Compute the cross-correlation with Eq. (6).

4. Find the pixel-precision displacement with equa-
tion 7.

5. Crop the cross-correlation around the peak found
in the previous step.

6. Interpolate the cross-correlation and retrieve the
sub-pixel displacement again with 7.

7. Scale the sub-pixel displacement by the zoom fac-
tor and add it to the pixel-level displacement.
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3. RESULTS

All the measurements are performed with a sine sweep
that goes from 50 Hz up to 5 kHz with a duration of 5s,
and the sampling frequency is chosen equal to the framer-
ate of the camera, i.e. 10 kHz. The window used around
the peak is of 1024 samples, with a sampling frequency of
10 kHz, thus leading to a frequency resolution of 9.77 Hz.
The experimental transfer function of the reed measured
for all the lip loads is presented in Figure 4, where both
the amplitude and the phase are shown.
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Figure 4. Reed measured transfer functions at differ-

the transfer function with experimental data. The data is
fitted on the frequencies that range from 50 Hz to 2500 Hz
to avoid noise at high frequency and at the low frequencies
where the reed isn’t excited by the ESS.
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Figure 5. Measured and least-squares optimization
results for 4 different lip loads.

The fitted transfer functions are reported in Figure 6,
while the estimated coefficients derived from the least-
squares optimization are summarized in Table 1.

ent loads.

Comparisons between the measured and least-squares
transfer functions are reported for various lip loads in Fig-

ure 5. Only the modules of the transfer functions are con-
sidered during the least-squares method, as the phase at
low frequency presents a drift that makes the single DOF
oscillator unfit. Following the control theory of Linear
Time Invariant systems in the Laplace domain, the phase
shift could be modelled by adding a zero (i.e. a derivative
term) at low frequency in the transfer function of Eq.(4),
which would increase the phase by 90 deg in agreement
with the results, but it would also increase the module by
20 dB/dec which is not visible in the measures. Thus,
following the literature, Eq. (4) is considered valid, the
phase is discarded, and only the module is used for fitting
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load [g] | k, [Pa/m] | w, [rad/s] £[1]

0 6.01 x 10% | 6.97 x 103 | 3.95 x 102
250 1.54 x 107 | 9.59 x 10 | 5.40 x 1072
500 | 1.50 x 107 | 9.92 x 10% | 6.24 x 1072
750 1.78 x 107 | 1.04 x 10* | 6.27 x 1072
1000 | 1.95x 107 | 1.12 x 10* | 7.71 x 1072

Table 1. Caption

4. DISCUSSIONS

From the measured reed transfer function with no lip force
applied, two resonance peaks are visible, one at 1104 Hz
and one at 2549 Hz. The presence of two resonances is not
visible when a lip load is applied; this could be a limitation
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Figure 6. Fitted transfer function of the reeds at all
lip loads.

of the experimental setup used, as it presents considerable
noise above 3kHz. A better signal-to-noise ratio can be
achieved using a brighter light source, enhancing the im-
age contrast. The reed’s first resonance in the absence of
lip influence is in agreement with the one measured in [16]
for a tenor saxophone cane reed. The first resonance peak
is shifted up in frequency as the lip load increases, which
is in contrast with the measurements obtained in [5]. This
behaviour of the reed increasing its resonance frequency
is indirectly observed in [17] and is well known by play-
ers, where higher biting forces increase the pitch of the
note. In [17], this is justified by stating that the reed is
bent against the mouthpiece, thus shortening the reed por-
tion that is allowed to vibrate. The measured resonance
frequency and reed stiffness are close to the results ob-
tained by inverse modelling of a clarinet reed in [6], and
the reed stiffness is also comparable with the results found
for a quasi-static clarinet reed [8]. Significant discrepan-
cies are found with the resonance frequency, stiffness and
damping with [18], where inverse modeling similar to [6]
was performed on a tenor saxophone reed.
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5. CONCLUSIONS

The transfer function of a reed was directly measured at
different lip forces via a high-speed camera and Digital
Image Correlation. This technique allowed non-contact
measures of the reed displacement, representing an al-
ternative to Laser Doppler Vibrometry. The performed
measurements were compared with the literature, finding
mixed results. These discrepancies could be due to the
experimental setups, artificial lips and reed materials. The
resonance frequency of the reed is found to be around 20
times greater than the instrument’s lowest resonance fre-
quency, while about only 3 times larger than the highest.
A quasi-static model of the reed could thus be insufficient
to model the reed as the note of interest moves up along
the saxophone register.
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