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ABSTRACT
A physical modeling approach is used to investigate play-
ing effects in woodwind instruments. This builds upon prior
work concerning both empirical studies of the acoustics of the
clarinet and extensive development of computer simulations
of musical instrument systems. Specifically, explicit imple-
mentations of two performance gestures for the clarinet are
given and demonstrated: tonguing and pitch bending. Phys-
ical modeling for the clarinet is briefly reviewed. Following
this we show how both tonguing and pitch bending map to
changes in the clarinet physical model itself and in the control
parameter data. To our knowledge, tonguing in particular is
one effect that has not been widely discussed in the literature,
at least in the exact form we present. Finally, some possible
future research directions are indicated.

Index Terms— music, modeling, signal synthesis

1. INTRODUCTION

Physical modeling for musical instruments has been an active
area of research for more than two decades [1, 2, 3]. The
widespread availability of cheap computing power has greatly
facilitated this research. It is hoped that physical modeling
will not only lead to better synthesizers for musical sound but
to new musical representations which are not only trenchant
but compact [4, 5].
Accurate and efficient computer simulations of the sys-

tems underlying musical instruments can provide a special
insight into the subtleties of performance. The ability to repli-
cate complicated gestures and effects in the context of physi-
cal modeling allows a researcher some claim to understanding
their origins. Certain musical gestures may have fairly obvi-
ous physical correlates, such as vibrato (frequency modula-
tion) on a violin being related to a small periodic adjustment
of finger placement by the player. However, in other cases
they may depend upon the physics in a sufficiently opaque
manner that modeling becomes one of the only methods to
get at what is really going on.
In previous papers [6, 7] we have studied physical models

of woodwind instruments. A running collaboration with pro-

fessors and graduate students at the Eastman School of Music
has allowed us to solicit feedback and opinions from musi-
cal professionals. This has been helpful in revealing the de-
ficiencies of various synthesis models and exposing us to the
salience of playing effects that were absent in our work. Two
such effects, tonguing and pitch bending are the topic of this
paper. Tonguing is consistently referred to by players as an
essential component of clarinet technique, especially if one is
to achieve good articulation. Pitch bending is a more exotic
performance gesture in which a player can “bend” the pitch
of a note down (within about a semitone) while continuously
producing a tone. To the best of our knowledge these effects
have not been widely studied, at least in the explicit manner
we attempt to present.
Below, we show how tonguing and pitch bends are in-

corporated into previous versions of our physical model sim-
ulations. First, the dynamical model and relevant details of
the computer implementation are reviewed. The effects are
discussed in our specific physical modeling context and are
mapped to both components of the clarinet physical model
and to the control parameters. Synthesis results are presented
and we lastly give some closing remarks.

2. PHYSICAL MODEL

The well known McIntyre-Schumacher-Woodhouse (MSW)
model [8, 9] (see also [10]) and specific variants of clarinet
physical models [11, 12, 13] consists in the combination of
a nonlinear exciter and a passive resonator. In the clarinet,
these two systems are, respectively, the reed-mouthpiece as-
sembly and the bore. Roughly, the effective length of the bore
(controlled by fingering keys and tone holes) selects the pitch
while the reed acts as a negative resistance oscillator. Energy
is provided by the breath or blowing pressure of the player.
The relevant variables are the acoustic variables just inside
the mouthpiece of the instrument, the acoustic pressure pb and
the volume velocity u. The pressure pb and u are related to
one another by both a convolution with the bore impulse re-
sponse h and the nonlinear pressure-flow relation g [14, 15]
of the reed. The discrete form of these equations (which we
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implement) can be written as follows. LetUn be a state vector
consisting of past values of u.

Un =

⎡
⎢⎢⎢⎣

u[n]
u[n− 1]

...
u[n− L + 1]

⎤
⎥⎥⎥⎦ (1)

Then the model update can be written.

pb[n] = hT
i Un−1 (2)

u[n] = g(pm − hT
i Un−1) (3)

where

g(Δp) = UM
3
√

3

2

(
1− Δp

pext

) (
Δp

pext

)1/2

(4)

Δp = pm − pb (5)

If our goal is to resynthesize [16, 17] a piece of music then
relevant control parameters can be computed from a source
recording. The parameters needed are the blowing pressure
pb[n] and the note onsets and pitches (which determine an ap-
propriate hi at any instant of time). As discussed previously,
the envelope of a signal often provides an adequate estimate
of pm (scaled by an appropriate constant). The envelope can
be calculated as shown in (6) with filter coefficients hlp com-
puted from a standard filter design algorithm.

env p = hlp ∗ |p| (6)

It is noted that the impulse responses hi used in our model
are derived from detailed acoustic measurements [7] of the
clarinet by the method described in [18]. We have also con-
structed physical models incorporating dynamical reed non-
linearities and practical features such as radiation effects [6].
The pitch bending and tonguing effects discussed below are
accomplished in changes to the linear subsystem (2) and to
the blowing pressure control parameter data and thus may be
realized in a model with or without reed dynamics.
The physical model itself runs in MATLAB and consists

of a combination of routines in the MATLAB language and
C++ code using the MEX API. Computation time is typically
at a ratio of 7/1 comparedwith synthesized audio time. While
definitely not real time this is practical for experimental inves-
tigations.

2.1. PITCH BENDING AND TONGUING

Additional terms can be introduced into the physical model
presented above for the purpose of producing a richer set of
output signals.

Pitch bending is incorporated as follows, a second order
system is combined in parallel in Eq. (2). This is meant to
represent an effective contribution of the player’s vocal tract
[19, 20, 21]. The right hand side of (2) then becomes,

hT
i Un−1 + 2a[n] cos(φ[n])pb[n− 1]− a2[n]pb[n− 2] (7)

The extra terms represent an IIR second order system. The
poles are parameterized by magnitude a (for stability a ∈
(0, 1)) and phase φ, each of which may vary with time. The
vocal tract system of an actual player will, admittedly, possess
a more complicated structure. However, we feel that this pre-
scription captures part of the generally agreed upon picture of
vocal tract and instrument interaction: that is, a resosant im-
pedance response connected in series with the reponse of the
instrument bore [21].
Here, a and φ become new control parameters for the

physical model and completely determined the system which
we have added in parallel. Note that we can recover (2) by
setting a to zero. The value of φ localizes the system in fre-
quency. In the following section we will demonstrate how a
choice of these parameters can lead to a characteristic bent
note. The pitch bend itself is accomplished through variation
of φ.
Unlike pitch bending, the effects of tonguing are not man-

ifested by an immediate change to the equations of motion.
Instead, tonguing is represented by qualitative changes to ex-
isting control parameters, namely the blowing pressure. Clar-
inet graduate students queried on the issue of articulation re-
sponded by saying that the presence of the tongue at the reed
opening is used to interrupt the flow of the players blowing
pressure. For a good technique the blowing pressure and
tongue operate independently of one another and during artic-
ulated passages the goal of the player is to maintain a constant
blowing pressure while using the tongue to control the begin-
nings and ends of notes. In physical modeling terms this can
be expressed by selectively introducing discontinuous jumps
in the blowing pressure at note onsets. These jumps corre-
spond to the fact that, for articulated notes, once a player re-
moves his or her tongue from the reed opening the blowing
pressure is already equal to some finite value. For resynthesis
from a source recording this is a refinement of blowing pres-
sure estimation by the envelope detection method presented
above. In certain cases, the envelope detection method may
result in a disparity between the source and the resynthesis
(especially at attack transients, for example, a resynthesized
note may begin too late). This is not entirely surprising con-
sidering that, by its very nature, the envelope detector will
tend to smooth out rapid or discontinuous structures. In a
more complete parameter estimation system notes would be
classified as tongued or not tongued and an appropriate dis-
continuity would be introduced into the envelope at each point
(by for example, pointwise addition of a step-like function to
the blowing pressure data). Outside of the resynthesis ap-
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plication, the same reasoning could be used in the creation
purely synthetic blowing pressure waveforms to reflect tongu-
ing.
For the purposes of this paper we show examples of single

notes, with tonguing discontinuities following an exponential
distribution type function. The variables C and λ are free pa-
rameters attached to the articulation of notes while τ is meant
to represent the location in time of a particular note onset.

T (n) =

{
Ce−λ(n−τ), n− τ ≥ 0

0, otherwise
(8)

Likewise, similar sets of functions could be associated with
the decays of notes to represent abrupt stoppages in the blow-
ing pressure.

3. SYNTHESIS RESULTS

Synthesis examples are presented in this section. In Fig. 1
the tonguing parameter is used to achieve two different types
of attack. In cases where control parameter is generated with-
out reference to a specific performance (for instance, working
just from the score) some of the typical musical accents could
be mapped to different values of the tonguing parameter. Re-
sults for pitch bending are given in Fig. 2. This shows a detail
of the spectrogram around the second partial of the synthetic
bent note. For this particular case φ varies linearly over the
duration of the note at a rate of ≈ 3 radians per second. Al-
though the pitch change is certainly audible, at typical frame
sizes (here frame size N = 8192 samples at 44100Hz sam-
pling rate) the effect is not convincingly demonstrated with
a full spectrogram. Audio samples, however, will be made
available upon request.
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Fig. 1. Demonstration of the effect of tonguing parameter. Two
qualitatively different note attacks obtainable with the same under-
lying envelope/blowing pressure data.
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Fig. 2. Detail of spectrogram around second partial of synthesized
bent note showing deviation of pitch with parameter φ.

4. CONCLUSION

Two gestural playing effects have been explicitly introduced
into a standard clarinet physicalmodel and demonstrated: tongu-
ing and pitch bending. This supplements an existing system
for the synthesis and representation of woodwind musical au-
dio. A longstanding goal of physical modeling research has
been the creation of new musical representations based upon
control parameter data. In the context of the physical model
described above we see that any solo clarinet performance
would be situated in an essentially five-dimensional dimen-
sional parameter space (fingering, blowing pressure, embo-
choure, tonguing events, and vocal tract configuration). Fu-
ture work will involve using these more elaborate clarinet
models in tandem with new parameter estimation routines to
incrementally improve the quality of synthesized sounds ob-
tained by physical modeling. In particular, it is our intent to
use the tonguing presented here as an essential component of
informed parameterizations of articulated passages.
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