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Sound production in brass instruments is formulated physically with
two different models of lip vibration: the “perpendicular” model, where
lips strike laterally to the direction of the air flow, and the “swinging door”
model, where lips execute an outwardly rolling motion. This formulation
is used to carry out time-domain simulation, which indicates that self-
excitation of the brass instrument is possible with both of these lip models.
Changing the lip resonance frequency provides sustained oscillation at the
first through eighth air column resonance modes, which correspond to the
musical tones in the harmonic series played on the brass instrument without
valve manipulation. Oscillation probably also occurred at higher modes, but
that region was not investigated. The harmonic structure of the simulated
sound varies according to the pitch and sound level, as is the case in the
sound produced by actual brass instruments. Unusual regimes of oscillation
are also obtained: the pedal tone, whose fundamental does not participate
in its sound production; a tone octave below the third impedance peak,
whose odd harmonics do not contribute to the regime of oscillation; and, a
multiphonic, which is an oscillation perceived as having two fundamentals
simultaneously.

PACS numbers: 43.75.I'g
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INTRODUCTION

The aim of this paper is to show the possibilities of physical modeling for synthesizing the
sound of brass instruments. Woodwind and brass instruments can be considered nonlinear
oscillation systems with delayed feedback. If we adequately model the sound production of
these systems and then calculate the derived equations numerically, it would be possible,
in principle, to obtain all the sounds produced by the instruments. The clarinet is one of
the most extensively studied wind instruments®. Schumacher® has derived equations
that describe the sound production system of the clarinet to obtain waveforms of the various
sounds that closely match those observed experimentally.

Schumacher’s equations set a good precedent for modeling the brass instruments, but
there are several differences between the sound production systems of the reed-driven wood-
wind instruments and the lip-driven brass instruments. On the woodwind instruments, the
reed resonance frequency, which is controlled by the player’s embouchure, is always much
higher (for the clarinet reed, it’s in the range of 2-3 kHz) than the sound frequencies. It may
affect the register change and the timbre of sound, but it does not vary sound pitch. Instead,
pitch is selected by the change in the acoustical characteristics of the air column, which is
managed by the tonehole system. On the brass instruments, the lip-reed resonance frequency
i1s about the same as the sound frequency. The player controls the lip-reed resonance fre-
quency through the embouchure so that a desired pitch is selected from the harmonic series
that the air column of the brass instrument provides. These distinctive features in the brass
instrument system make the oscillation of the brass sound differ from that of the woodwind
instrument’s sound. To model the brass instrument system, it’s necessary to give attention
to these features, in addition to formulating the lip vibration model and calculating the
acoustic characteristics of the air column.

Compared with the studies on the clarinet sound simulation, there seems to be scant pub-
lished treatment of brass instrument simulation using physical modeling. Recently, Keefel®
used physical modeling to confirm oscillation conditions derived from theoretical consider-
ations for both woodwind and brass instruments. He treats both instruments in a unified
manner with simplified acoustic characteristics of the air column, but the obtained waveforms
for brass sound do not closely simulate the actual ones. Furthermore, that study did not
investigate pitch selection with the adjustment of the lip resonance frequency. This may im-
ply the necessity to develop a more appropriate formulation to deal with brass instruments.
This paper presents an air flow model and lip vibration models that are especially devised
for brass instruments. We have also replicated and applied the acoustic characteristics of
the air column calculated from the shape of an actual trumpet.

Sounds produced by actual musical instruments have the following properties: 1) sound
spectra, which provide the timbre of steady portions of musical sounds, vary according to
pitch and sound level; 2) the waveforms of musical sounds are not perfectly periodic, even in
their steady portions; 3) instead, they include fluctuations or deviations from the periodicity
due to player effects such as vibrato and unevenness of blowing pressure. These properties
are the main factors that allow musical sounds to be perceived as natural.

In the synthesis of high quality musical sounds, physical modeling has advantages over
such conventional methods as additive synthesis, FM (frequency modulation) and the sam-
pling method. Physical modeling, which takes account of the nonlinearity, has a mechanism
in nature that alters the harmonic contents of produced sounds according to pitch and sound
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level. In the conventional methods, harmonic variation should ideally be reproduced for each
pitch and sound levell®. This is, however, not fully realized within the hardware’s limited
memory capacity. Sound fluctuations are also easily obtained in physical modeling. They
can be generated by modulating a few parameters such as blowing pressure, and the results
would be natural. On the other hand, the conventional methods produce somewhat artificial
fluctuation results because they lack physical constraints. Moreover, transient waveforms,
including the attack and decay portions of musical sounds, can be naturally produced with
the use of time-domain simulation in physical modeling. This is also an important factor for
obtaining realistic simulation, although it is not discussed here.

There is a fairly standard theory of sound production for the wind instruments('®. Ac-
cording to the theory, the whole sound production system is divided into two elements: the
generator and the resonator. For the brass instrument, the generator means the lips put to
the mouthpiece, vibrating and regulating the air flowing into the instrument. The lip vibra-
tion can be modeled by a harmonic oscillator in the simplest case. The resonator, which is
an air column confined in the instrument, can also be treated as a linear system. Contrary
to the function of each of the elements, the interaction between them is nonlinear due to the
fluid dynamical effect of air flow through the lip aperture. When blowing pressure is applied,
lips start their motion. At the same time, air flow regulated by the lip motion makes an
acoustical disturbance in the mouthpiece. The disturbance, after circulating through the
instrument, returns to the mouthpiece and affects lip motion. If the lip vibration and the
feedback of the disturbance are in phase, the oscillation grows or maintains.

For modeling lip vibration on an oscillator having a few degrees of freedom, the direction
of the vibration must first be considered. Unlike the mechanical cane reeds of woodwind
instruments, which have definite constraints on their directions of motion, biological lips
deform quite unrestrictively as a lip-reed put to the mouthpiece. This means the directions
of the modeled vibration are ambiguous. For this reason, there are several lip vibration
models, even if each lip is considered a one-dimensional harmonic oscillator. Let us consider
a pressure-controlled valve in an acoustic tube in general. Fletcher!l classified the valve
configurations into three different types (Fig. 1). In type (a), which is described as the
“striking outwards” model, the valve opens further in increments of blowing pressure, while
in type (b), described as the “striking inwards” model, the valve closes. In type (c), called the
“perpendicular” model, Bernoulli pressure tends to close the valve. The “striking inwards”
model describes the reed vibration of the woodwind instrument. Although the lip vibration
of the brass instrument should be classified as type (a) or type (c), it is not yet clear which
model better approximates the real lip vibration. In reality, it may not be appropriate to
apply only one of these models to all of the produced sounds having different pitches and
levels. There is also said to be wide variation in playing technique. In this paper, we carry
out simulation with two lip vibration models, based on the valve characteristics in (a) and
(c), in order to find the difference between their performances.
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Sounds with aperiodic waveforms are sometime produced in this simulation, even if the
system’s parameters are all fixed. Their aperiodicity is not so large that their pitch sensations
failed, but large enough to make their timbre somewhat impure. Such aperiodicity should be
distinguished from the fluctuation in musical sounds blown by human players, as mentioned
before. The cause or mechanism of producing aperiodic waveforms is in the nonlinearity
of the sound production system itself. Although it is uncertain that aperiodic waveforms
are observed in sounds played on actual musical instruments, there is the possibility that
aperiodicity is a key factor that allows musical sounds to be perceived as natural. If this is
the case, physical modeling excels as a method of synthesizing musical sounds.

. FORMULATION

Sound production in brass instruments can be described as having the following three vari-
ables: mouthpiece sound pressure p(t), air volume velocity U(t) flowing through the lip orifice
into the mouthpiece, and the area of the lip orifice Si,. They are used to satisty the following
three equations: 1) an equation governing air flow through the lip orifice; 2) an equation of
lip motion; and, 3) an integral equation representing feedback from the instrument. These
equations are derived in the following subsections.

A. Air flow dynamics

The mouth, lips and mouthpiece are schematically depicted from left to right in Fig. 2. Air

flow is assumed to be one-dimensional. Contraction and expansion of the air flow occur in the

upstream and downstream regions of the lips, respectively’?. We apply energy conservation
law to the flow in the contraction region, which becomes

1 [ U\ pddU

—Pip=35P\5—| t = 1

po plp 2p<5’hp> S]ip 8t7 ( )

where po is blowing pressure, py, pressure in the lip orifice, p average air density, and d
thickness of the lips. In the expansion region, it is uncertain whether laminar flow is realized
due to the small constriction of the lip orifice. Therefore, we consider momentum of the flow
in this region instead of energy. The momentum conservation is given by

1 1
o —p = —olJ? -~ 2

php P P (ScupS]jp Srcgup> ) ( )
with Scup as the cross-sectional area of the mouthpiece entryway. Omitted here is the inertia
term of the air flow. Eq. (1) and (2) represent the nonlinear dependence between the three
variables p(t), U(t) and Syp.

B. Modeling of lip vibration

The most proper way to deal with soft tissues such as lips would seem to be to regard them
as continua with distributed mass and stiffness. However, stroboscopic measurements by
Martin® and Hall'¥! of player’s lips while blowing instruments show that they oscillate in
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a lump. This implies that the situation, where lip vibration is modeled by a single oscillator
as a first approximation, is not far from the actual one. One may consider the nonlinear
behavior of the restoring force, but for simplicity, the force is assumed to satisfy Fuch’s law.
Accordingly, vibration amplitudes of the upper and lower lips are also assumed to be the
same, although some difference is observed.

Other findings of Martin’s observations are as follows: the displacement of the lip orifice
is almost sinusoidal; the lips close once every cycle but closing time is very small compared
to the period of oscillation; and the amplitude of the vibration tends to decrease as the
frequency increases. These characteristics must be realized in the simulation.

As mentioned in the introduction, the direction of lip motion is a central question for
physical modeling of brass instruments. Since Helmholtz!® classified lip vibration into the
model of “striking outwards” (Fig. 1 (a)), this model has been widely used to describe sound
production of brass instruments without any experimental confirmation!*®l. Saneyoshi et
al.l'l questioned this understanding and raised the possibility that some oscillations can be
better modeled by the “perpendicular” model. Following this, Yoshikawal'®!®l carried out
simultaneous measurements of mouthpiece pressure and lip vibration. His measurements
show that both of the states of oscillation supporting the “striking outwards” and the “per-
pendicular” models are realized. Based on these observations, we used the two lip vibration
models shown in Fig. 3.

In the first model (Fig. 3 (a)), lip motion is restricted to only the direction perpendicular
to air flow. We call this the “perpendicular” model as in Fig. 1 (¢). The same restriction
is also used in the one-massi?® and two-mass!'? models of vocal fold vibration for speech
synthesis. The lip orifice is assumed to have a rectangular shape with lip breadth b. Let lip
mass be m, stiffness &, quality factor (). Then the dynamics of lip displacement z are given
by the following equation of motion,

d*z vmkdz
mog = 0 = + bdpy, — kz, (3)

~ where the first, second and third terms in the right hand side represent damping force,
external force due to the Bernoulli effect and restoring force, respectively. The cross-sectional
area of the lip orifice is given by Sy, = max{b(2z + o), 0} with the equilibrium lip opening
length z4. During closure of the lips, that is when # < —z¢/2, an additional restoring force
proportional to 2z + zg is supplied.
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Table I

Fig. 3 (b) illustrates the second model, called the “swinging-door” model, where the lips
execute a rolling motion in the mouthpiece cup. This results in the outwardly striking valve
model shown in Fig. 1 (a) because the lips are driven by the difference between blowing
pressure pp and mouthpiece pressure p. In this model, it is convenient to use angle § of
each lip to a normal plane of the air flow direction as a dynamical variable representing lip
displacement. The equation of motion is written as

2

ml%t—g—: —@Z%—l——;—bl(po——p)—l—bdpupsinﬁ—kl(G—Go), (4)
where [ is lip length from the mouthpiece rim to the tip of the lip and 6y equilibrium lip angle.
The first through the last terms in the right hand side represent damping force, external force
generated by the pressure difference, external force due to the Bernoulli effect and restoring
force, respectively. When lip angle 6 is less than the lip closing angle 8, contact force
proportional to § — 84 acts on both lips. The cross-sectional area of the lip orifice is given
by Sup = max {26{(cosfq — cosf),0}. Unlike with the “perpendicular” model, this model
requires consideration of volume flow rate b/?df/dt produced by the lip motion in addition
to the aerodynamical volume flow rate examined in the previous subsection.

Adjusting the lip resonance frequency, the player selects pitches of musical sounds as-
signed to the air column resonance modes of the brass instrument. Elliot and Bowsher!?!
deduced dependence of lip mass m on the lip resonance frequency fip, from their measure-
ments of average volume flows while sounds are produced at various pitches. Following their
results, we assume that m is inversely proportional to fi,. Accordingly, the behavior of

stiffness k becomes k « fi, because fi, = /k/m/27. Lip and other parameters for our
simulations are shown in Table I.

C. Input impedance and reflection function

The acoustic properties of the air column are characterized by input impedance Zi,(f), which
is the ratio of mouthpiece pressure to volume velocity with frequency f. This quantity Zi,(f)
is compared to the characteristic wave impedance Z. = pc/Seup of an infinite cylindrical tube
having the same area Sy, as the mouthpiece entryway. The reflection function r(¢) is defined
by the inverse Fourier transformation of the following ratio

Zin(f) — Zc
AGEYA (5)

Physically, r(¢) represents pressure waveform reflected back to the mouthpiece after the
incidence of a pressure impulse to the instrument at ¢ = 0. Using the reflection function
r(t), Schumacher!” developed an effective method to calculate the acoustic response of the
air column. Compared to other methods that use the Green function, defined by the Fourier

"f) =



Seiji Adachi: Brass instrument simulation 7

Fig. 4

Table 11

transform of Zi,, an enormous amount of calculation time is saved.. With the reflection
function, mouthpiece pressure p(t) at the present time ¢ is calculated from the present volume
velocity U(#) and their past data p(t — s) and U(t — s) for s > 0 as follows,

p(t) = ZU(1) + /0°° ds(s) (ZU(t — s) + p(t — 5)) . (6)

We also employ this equation in our time-domain simulation.

To obtain realistic brass sounds in physical modeling, it is necessary to pay as much
attention to the acoustic characteristics of the air column as to the other components. There
are two types of methods to obtain an appropriate input impedance Z;, that precisely rep-
resents the air column characteristics. The first one is measuring this quantity Z;, directly
on an existing instrument*23, The other is invoking knowledge of acoustics?4?%l. In the
latter type, the instrument bore is first divided into a series of small sections so that a simple
acoustic element can be substituted for each section. Then, the product of transfer matrices
for those sections is calculated. We used such a method developed by Caussé et al.?4 that
employs truncated cones as the acoustic elements. This calculation considers visco-thermal
loss, i.e. loss due to the friction and thermal exchange between the air and the wall of the
instrument. Radiation loss is calculated here on the assumption that the spherical wave is
radiated to the ambient from the bell of the instrument.

We measured the dimensions of a Yamaha B® trumpet model YTR-2320E (student model)
and used them for the Z;, calculation. The magnitude and phase of Z;, are illustrated in
Fig. 4. In Table II, the magnitudes and frequencies of the input impedance peaks are listed
along with the intervals between the frequencies. Except for the first peak, they are all at
nearly equal intervals. This shows that the instrument is almost in tune because the first
resonance mode is not ordinarily used for blowing brass instruments. As for magnitude, the
peaks with frequencies of about 500 Hz are enhanced by the resonance in the mouthpiece
cup. The phase of Z;, is shifted toward negative values at the higher side of the mouthpiece
cup’s resonance frequency. This behavior of the input impedance due to the mouthpiece cup
resonance accurately characterizes the air column of the brass instruments.

From the obtained input impedance Z;,, it is possible, by definition, to calculate the
reflection function r(t) by carrying out the inverse Fourier transform of Eq. (5). However,
there arises a difficulty with the practical numerical calculation if abrupt reflection from the
mouthpiece entryway yields discontinuity in r(¢) at ¢ = 0. This happens whenever the cross-
sectional area of the mouthpiece entryway varies along the airflow direction as in the case of




Seiji Adachi: Brass instrument simulation 8

Fig. 5

the brass instruments. In the numerical calculation, such abrupt reflection makes the value
of r(t) at ¢ < 0 nonzero, therefore breaking the causality. This is due to the cut-off frequency
or the sampling frequency pursued to the discrete calculation. In this case, Eq. (6) cannot
be applied to the simulation exactly as it stands. To make it applicable, we reconstructed
a causal reflection function r°(t) from the even component of the original r(¢), which seems
not affected by the cut-off frequency because of its continuity at ¢ = 0 as follows,

r(t) 4+ r(—t) fort >0,

r(t) = (7)
0 for t < 0.

To assure the validity of this procedure, it has been confirmed that Eq. (6) with this causal
reflection function r°(¢) simulates a ratio of generated pressure p to input volume velocity
U, reproducing almost the same input impedance Zi,. Fig. 5 shows the appearance of the
reflection function r°(¢). The reflection from the instrument’s bell appears as a dip near
t = 8 msec. in 7(t). Subsequent dips exponentially fading out manifest multiple reflections
that travel more than one time between the bell and the mouthpiece. A sharp peak just
after ¢ = 0 and a valley following the peak correspond to reflections from the mouthpiece
cup and the tapered section (i.e. the mouthpiece backbore to the leader pipe), respectively.

D. Linear theory of oscillation

In the previous subsections, the sound production system ‘of the brass instrument was for-
mulated with two linear elements, the lip dynamics and the air column response, and their
nonlinear interaction governing air flow through the lip orifice. To gain insight into this sys-
tem before considering the simulations, this subsection investigates conditions under which
self-oscillation is maintained within a linear theory when the amplitude of oscillation is small.

First, consider time-averaged or D.C. components of the variables, py,, U and Syp, which
are expressed with barred symbols, pyp, U and Syip, respectively. The mouthpiece pressure p
does not have a D.C. component?8l. Hereafter in this subsection, the original notation, pup,
U and Syp, expresses the time-varying or A.C. components. The D.C. components satisfy
the following stationary conditions,

1 /T
Po—DPlip = ‘2‘,0 (3;) ) (8)
— 1 1
5. o= —pl/> S , 9
php g ( Scup Slip 5’gup ) ( )

which are derived from the air flow equations (1) and (2). The values of py,, U and Sy, are
determined by Eq. (8), (9) and an equilibrium condition that represents a balance between
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the restoring and external forces acting on lips. Supposing Syp < Seup, We have

mip = 0, | (10)
7= 25, (11)
0
bz, “perpendicular” model
Sip = (12)

261 (cos fa — cos 5) . 0=0,+ %%, “swinging-door” model.

Egs. (1) and (2), governing the nonlinear air flow dynamics, are linearized as

Sh d\ U Jon Sk
1 ~lip Z - _ P Zup 13
( T4y dt) 7 %P0 Sy’ (13)
P = Dip, (14)

where Sip < Seup- In the ordinary range of brass instrument sound frequencies. the inertia
of air flowing through the lip orifice can be neglected. Therefore, we drop the second term
in parentheses on the left hand side of Eq. (13) from consideration. Eqgs. (13) and (14) show
that air flow rate increases as the area of the lip orifice increases, and that air flow rate
decreases as the mouthpiece pressure increases.

Lip mobility G is defined here by G = Sip(f)/p(f), where Sip(f) and p(f) denote Fourier
components of Sy, and p at frequency f, respectively. From Eq. (3) and (4), lip mobility G
becomes :

24
—2—65— <7L> } “perpendicular” model
G(f) = (15)
T sin <1 - 2—[ sin 9> (ﬁl) “swinging-door” model

where the function A(f2) is defined by

1

A) = ———=.
{2
1 Q2+2Q—

(16)

The appearance of A({2) is denoted in Fig. 6. Eq. (15) shows that |G(f)] takes its maximum
near the lip resonance frequency fi,, and that /G(f) exhibits = decrease from the lower
side to the higher side of fip;. A model difference appears on the sign of /G: for the
“perpendicular” model, /G < 0 holds; whereas for the “swinging-door” model. £G > 0 is
satisfled.
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Substituting definitions of lip mobility G and input impedance Z;, into the linearized air
flow equations (13) and (14), we have the stationary self-oscillation condition as follows,

K(f)= @é(f)zm(f) =1, (17)

where G is defined by B

G=c-2 (18)

2po

Note here that the magnitude of G is also maximized near the lip resonance frequency and
that the angle of G has the same sign as the angle of G. Oscillation grows under the condition
that there exists a frequency f such that K(f) is real and larger than 1. The magnitude
condition, K(f) > 1, requires that both magnitudes of Z;, and G are large. This indicates
that the oscillation most likely to be generated has a frequency f is near one of the air column
resonance frequencies as well as near the lip resonance frequency. The phase condition is
written as LG4/ Ziy, = 0. Because of the model dependence of the sign of /G, this is satisfied
only if £Z;, is positive for oscillation in the “perpendicular” model and only if it is negative
for oscillation in the “swinging-door” model. In the ordinary range of the brass instrument’s
sound frequency, the phase angle of Z;, is positive on the lower frequency side of the input
impedance peaks and negative on the higher frequency side (Fig. 4). Therefore, it can be
concluded that the “perpendicular” model operates on the lower frequency side of the input
impedance peaks and the “swinging-door” model operates on the higher side.

. SIMULATION RESULTS

A. Mode selection

Difference equations, derived from the differential equations by means of the forward Euler
method with 8 kHz sampling frequency, are used in time-domain simulation. Blowing pres-
sure for the moderate sound level (mf) is set at 2.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.0, 4.0 kPa for
the first through eighth air column resonance modes, respectively. Lip opening length zq,
and lip angle ; at equilibrium are adjusted so that the following. conditions are satisfied: 1)
the lips do not come into contact with each other or only have contact in a much shorter
time than the oscillation period; and 2) the maximum amplitude of oscillation is obtained.

The mode selection was investigated first. By changing the lip resonance frequency from
60 Hz to 800 Hz at intervals of 20 Hz, we obtained frequencies of self-excited sound (Fig. 7).
It was found that, for both lip models, sound production is possible at the first through
eighth air column resonance modes. The higher modes are probably also excited, though
that region was not investigated. As derived in subsection I-D, sounds are produced on the
lower frequency side of the input impedance peaks for the “perpendicular” model and on
the higher side for the “swinging-door” model. From each lip vibration model’s ascending
series of pitch, a harmonic series can be constructed in tune by selecting the sound with an
appropriate pitch from each resonance mode. The absolute pitch of sounds in the “swinging
door” model is about a half note higher than that of sounds in the “perpendicular” model,
which accords with B” trumpet pitch. This does not imply inferiority of the “swinging door”
model because higher pitch can be lowered by withdrawing the tuning slide.



Seiji Adachi: Brass instrument simulation 11

Fig. 7

Fig. 8

Let us examine mode selection between the second and third resonance modes in detail.
The magnitude and phase angle of K(f) defined by Eq. (17) are plotted in Fig. 8: (a)
fip = 260 Hz, (b) fup = 400 Hz for the “perpendicular” model, and (c) fip = 160 Hz, (d)
fip = 240 Hz for the “swinging-door” model. In (a) fip = 260 Hz, there is a frequency that
satisfies both the magnitude and phase conditions only in the second resonance mode. In
(b) fip = 400 Hz, there is such a frequency only in the third mode. These accord with the
simulation results showing that the second and third modes are excited for fi, = 260 Hz
and 400 Hz, respectively. This examination is also valid for the “swinging-door” model. For
fip = 160 Hz ((c)), only the second mode satisfies the oscillation conditions and is excited in
the simulation. Likewise, for fii, = 240 Hz ((d)), the third mode selected from the conditions
is realized in the simulation. '

As typical results obtained in the simulation, we examine oscillation in the second res-
onance mode, whose waveforms are shown in Fig. 9. In both lip vibration models, the
waveform of Sy i1s almost sinusoidal, whereas those of p and U contain rich higher har-
monics. This is analogous to the oscillation behavior observed in the sound production in
the actual brass instruments. The phase relationships between the variables p, U and Sy,
provide the most significant difference between the lip vibration models. Apparently, the
phase of p, /p, is advanced to that of U, LU for the “perpendicular” model, whereas /p
is retarded to LU for the “swinging-door” model. More precisely, Zp — LU = 76.3° holds
for the oscillation in the “perpendicular” model, whereas /p — /U = —44.1° is obtained for
the oscillation in the “swinging-door” model. The phase condition £/G + £Z;, = 0 derived
from a linear oscillation theory is not satisfied: LG+ L7 = 10.6° for the oscillation in the
“perpendicular” model; and LG + £Zin = —26.7° for the oscillation in the “swinging-door”
model. This implies that oscillation at the moderate sound level can no longer be considered
infinitesimal.

Fig. 9
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Fig. 10

Fig. 11

B. Pitch and strength variations

We compare the pressure waveforms of oscillation at the second through sixth resonance
modes (Fig. 10). In both lip vibration models, sounds with lower pitch have characteristic
waveforms with plateaus and downward spikes, which gradually become sinusoidal waveforms
at higher pitches. This successfully simulates the change in the observed brass sound®"). The
log amplitudes of the harmonics of oscillation for the second, fourth and sixth modes are
plotted against the harmonic number in Fig. 11. This shows the same tendency that higher
harmonics disappear as the pitch increases, except for the transition between the second
and fourth modes in the “swinging-door” model. This may be because the amplitude of
the second mode oscillation is not as large as the other amplitudes. It has not been shown
that the decrease in log amplitude is constant with the harmonic number, although this is
predicted by a theoretical consideration and observed in actual brass sound!. Along with
the overall deficiency of harmonics, this may suggest the necessity to search for the parameter
space of the sound production system over a broader range.

Our simulation also provides change in harmonic structure against sound strength. The
pressure waveforms of oscillation at the second resonance mode on various sound levels are
depicted in Fig. 12. Blowing pressures for the lower sound level (pp), moderate level (mf)
and higher level (ff) are supplied at 0.5, 2.0 and 6.0 kPa, respectively. As sound strength
increases, the pressure waveform tends to have rich harmonics. The same tendency is also
shown in Fig. 13, where the decline of the log plot of harmonic amplitudes becomes less at
higher sound strength.

C. Unusual regimes of oscillation

Some oscillations are excited considerably off the frequencies of impedance peaks, unlike the
usual oscillations in the resonance modes. In Fig. 7, such oscillation in the “perpendicular”

Fig. 12
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Fig. 13

Table 11

model is found between the first and second resonance modes. It is identified with what
is called “loose-lipping” tonel?®), which has a pitch octave below the third impedance peak.
In the “swinging-door” model, oscillation in the first mode has noticeably higher frequency
than that of the first impedance peak. It is considered the pedal tone, whose pitch is an
octave below the second impedance peak.

Let us compare these two unusual regimes of oscillation with a usual one, e.g. oscillation
with the “perpendicular” model in the second resonance mode. Table III lists the values
of input impedance of the harmonic frequencies of oscillations. It was found that the sec-
ond, third, fifth and sixth harmonics mainly contribute to the regime of oscillation of the
“loose-lipping” tone, and that the second, fourth and sixth harmonics mainly contribute to
the regime of oscillation of the pedal tone. In both cases, the values of Z;,; of the funda-
mental frequencies are very small. On the other hand, all of the harmonics, including the
fundamental, equally contribute to the usual regime of oscillation.

The “loose-lipping” tone is especially extraordinary. The value of Z;, of the fundamen-
tal frequency is so small that no f satisfies the oscillation conditions for K (f) derived in
subsection I-D. This means that the linear theory, where only the fundamental is taken into
consideration, cannot prove the existence of this self-oscillation. Rather, we must consider
the cause the mode coupling due to the nonlinearity in the sound production.

D. Aperiodic oscillation

Generally, the simulation system produces periodic oscillation, one example of which has the
waveform and spectrum shown in Fig. 14 (a). However, in some cases we obtain aperiodic
oscillation, such as shown in Fig. 14 (b). Aperiodicity is not so large that the pitch sensation
fails, but it does make the sound impure to some extent. Both the nonlinearity of the air flow
dynamics and the nonlinearity caused by the lip collision must participate in the production
of aperiodic oscillation, although this mechanism is not investigated here.

Multiphonics are the regimes of oscillation that are perceived as having two separate
pitches sounding simultaneously. It is said that multiphonics in the brass instrument some-
time happen unintentionally as the result of a novice players’ misblow. Fig. 14 (c) shows
a multiphonic obtained in the simulation, which provides two fundamentals with a broad-
band spectrum. The frequencies of these fundamentals indicate that the third and fourth
air column resonance modes are excited in this oscillation. To obtain this, the lip resonance
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Fig. 14

frequency is set at 280 Hz, which is in the middle of the lip resonance frequencies, to produce
third and fourth resonance mode oscillation in the “swinging-door” model.

In a system with delayed feedback, such as the sound production system investigated here,
there is sometimes hysteresis, which is a phenomenon where the state of oscillation is selected
not only by the parameters but also by the previous state of oscillation. For an artificial
blowing system of the clarinet!?®], for example, hysteretic transition of the oscillation states
was fully investigated. In our simulation of the brass sound production system, hysteresis is
also observed. With the same parameters, pg = 2.5 kPa, 6, = 38.0° and fip, = 280 Hz, as
those for the multiphonic mentioned in the previous paragraph, periodic oscillation in the
fourth mode can also be produced depending on the previous state of oscillation.

1. CONCLUSIONS

The sound production system of the brass instruments is formulated with a physical model
that consists of the air flow dynamics, two lip vibration models (i.e. the “perpendicular”
model and the“swinging-door” model), and the realistic air column response calculated from
the shape of an actual B trumpet. By adopting both of the lip vibration models, the
whole system successfully simulates brass sounds having various pitches and sound levels.
Simulation results are summarized as follows:

1) Changing lip resonance frequency reproduces sustained oscillation in the first through
eighth air column resonance modes, i.e. the musical sounds in the harmonic series of
the brass instruments.

2) The spectrum of the simulated sound varies according to the pitch and sound level, as
found in the actual brass instrument sound.

3) The pedal tone and so-called “loose-lipping” tone are excited off the input impedance
peaks. These oscillations are unusual because the air column response of the instrument
supports the regime of oscillation through the mode coupling between the fundamental
and the other harmonics, rather than directly supporting the fundamental itself.

4) Our sound production system also produced aperiodic oscillation, whose aperiodicity
is not so large as to cause the pitch sensation to fail, but large enough to be perceived
as somewhat impure. This is distinguished from oscillation fluctuating with vibrato or
uneven blowing because the system’s parameters were all fixed during simulation. The
nonlinearity in the system is considered the cause of such aperiodic oscillation. There
is the possibility that this aperiodicity also allows musical sounds to be perceived as
natural as well as fluctuations due to player effects, although this is not observed in
the sound played on actual musical instruments, so far.
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From our simulation results, it is not possible to conclude which lip vibration model is
suitable for the brass instrument sound production because the simulation behaviors of these
models are similar, except for the absolute pitch difference. Recent measurementsi? of the
phase difference between the lip vibration and the mouthpiece pressure seem to show that
oscillation supporting the “striking outwards” model are excited in a couple of the lowest
air column resonance modes and that oscillation supporting the “perpendicular” model are
generated in the higher modes. If this transition of lip vibration states occurs in reality, our
lip vibration models are both unsatisfactory and a more precise model that describes this
transition is needed. This may be a two-dimensional model that allows lips to vibrate in
both parallel and perpendicular directions to the air flow.

Transient behavior such as the attack and decay portions of musical sounds, which is
not investigated in this paper, is one of the factors that characterize sound of each musical
instrument. Physical modeling can also simulate transient waveforms. To do this, it is
necessary to determine time dependences of the system’s parameters. In a realistic situation,
the player skillfully controls the parameters such as blowing pressure so as to make the
produced sound expressive. In this simulation, all of the parameters are set at constant
values while calculating sound waveforms. Consequently, the periods of the simulated sound’s
attack portions, which vary a few msec. to a few sec., are sometimes too long.

To improve this simulation of the brass instrument, apart from the issues mentioned in
the previous two paragraphs, future study should consider wall vibration of the instrument,
the player’s respiratory systemU and models of two-dimensional air flow.
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FIGURE CAPTIONS

1. Three different configurations of a pressure-controlled valve in an acoustic tube. In each
configuration, pg is pressure in the upstream region of the valve, i.e. blowing pressure,
and p is pressure in the downstream region of the valve, i.e. mouthpiece pressure. In
(a), described as the “striking outwards” model, blowing pressure py tends to open the
valve, whereas in (b), described as the “striking inwards” model, po tends to close the
valve. In (c), called the “perpendicular” model, Bernoulli pressure generated by the
air flow tends to close the valve. (a) and (c) present brass instrument lip-reed models.
(b) corresponds to the woodwind instrument reed vibration.

2. Schematic diagram of mouth, lips and mouthpiece. pg, pip and p represent blowing
pressure, pressure at the lip orifice and mouthpiece pressure, respectively. U denotes
the volume velocity flowing through the lip orifice.

3. Two lip vibration models. In both models, each lip is assumed to be a harmonic oscil-
lator with mass m, stiffness &, and quality factor Q. (a) depicts the “perpendicular”
model, where lips strike laterally to the direction of the air flow. The area of the lip
orifice Syp is given by Sip = max{b(zo + 2z),0} with breadth of lip orifice b, equilib-
rium lip opening length o and lip displacement z. In the “swinging-door” model (b),
lips execute an outwardly rolling motion toward the downstream of the air flow. Sy,
is given by Sup, = max{2bl(cosfy — cos),0}, where [ is lip length, 0 the lip closing
angle and @ the lip angle.

4. The magnitude and phase angle of input impedance Z;, scaled by the characteristic
wave impedance Z., which is calculated from the shape of an actual B® trumpet.

5. Reflection function r°(t). A dip near ¢t = 8 msec. represents reflection from the in-
struments’ bell. Subsequent dips damping exponentially indicate multiple reflections
between the bell and the mouthpiece. An overshoot (not shown) and a valley just after

= 0 correspond to reflections from the mouthpiece cup and the tapered section of the
instrument bore.

6. The function A({2), which takes the maximum absolute value @ at the normalized
resonance frequency {2 = 1. The phase angle of A({2) varies from 0 to —m as {2 rises.

7. Behavior of the sound frequency with respect to the lip resonance frequency. In the
“perpendicular” model, oscillation is realized on the lower frequency side of the in-
put impedance peaks, while in the “swinging-door” model oscillation is on the higher
frequency side.

8. The magnitude and phase angle of K ( f) for two different lip resonance frequencies fiip’s
in each lip vibration model. (a) and (b) are calculation results for the “perpendicular”
model. In (a) for fip, = 260 Hz, there exists f satisfying both conditions K(f) > 1
and ZK(f) = 0 only in the second resonance mode, while in (b) for fi, = 260 Hz,
such a frequency exists only at the third mode. These results correspond to the mode
transition shown in the simulation. Similarly, (c) for fip = 160 Hz and (d) for fiip, = 240
Hz also show the transition between the second and the third resonance modes in the
“swinging-door” model.
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9.

10.

11.

12.

13.

14.

Waveforms of mouthpiece pressure p, volume flow rate U and lip displacement z or
lip angle 6 for each lip vibration model. z and # show almost sinusoidal waveforms,
whereas the oscillations of p and U have rich harmonics. A model difference appears
in the phase difference between the oscillations of p and U. The phase of p is advanced
to that of U in the “perpendicular” model and retarded to that of U in the “swinging-
door” model.

Pressure waveforms of oscillation in the second through sixth air column resonance
modes. The non-sinusoidal waveform at the lower pitch gradually disappears in the
oscillation at the higher pitch.

Log amplitudes of Fourier components of oscillation in the second (()), fourth (x),
and sixth (4) modes.

Pressure waveforms of the second resonance mode oscillation at the various sound levels

of pp, mf and ff.

Log amplitudes of Fourier components of oscillation at sound levels pp (+), mf (O)
and ff (x).

Pressure waveforms and sound spectra of three different oscillation states: (a) periodic
oscillation; (b) aperiodic oscillation; (¢) multiphonic.




Table I: Parameters in brass sound production system

Symbol Parameter Name Value

c Speed of sound 3.4 x 10> m/s

0 Average air density 1.2 x 10® kg/m?

Seup Area of mouthpiece entryway 2.3 x 107* m?

b Breadth of lip orifice 8.0x107% m

d Thickness of lips 2.0x 1073 m

[ Length of lips 8.0x107% m
(“swinging-door” model)

To Equilibrium lip opening length 21 %1074 ~24x 1073 m
(“perpendicular” model)

8o Equilibrium lip angle 34.0 ~ 40.0°
(“swinging-door” model)

01 Lip closing angle 40.0°
(“swinging-door” model)

Q Lip quality factor 5.0

fip Lip resonance frequency 60 ~ 800 Hz

™m Lip mass (“perpendicular” model) 1.5/ ((27)*fip) kg

k Stiffness of lips (“perpendicular” 1.5fip N/m
(“swinging-door” model) 0.55 fip, N/m
Do Blowing pressure 0.5 ~ 6.0 kPa

)

(“swinging-door” model) 0.55/ ((27)2 fup) ke
)
)




Table II: Magnitudes and frequencies of input impedance peaks and their intervals

Mode |Zin/Z.|  Frequency(Hz) Interval(Hz)

15t Pd 43.7 87
ond BY 35.2 232 145
3 Fy 46.4 341 109
4% B 55.7 457 116
5t Dy 48.1 572 115
6t Fi 51.6 686 114
T Ab 44.5 800 114

gth B 28.5 913 113



Table I1I: Values of input impedance | Zi,/Z.| of harmonic frequencies of three different types

of oscillation

Type of oscillation  fiip (Hz) f (Hz) fund.  2nd 3rd  4th 5th 6th
“Loose-lipping” 160 159 2.8 151 167 53 422 13.1
Pedal 100 121 1.2 109 6.7 10.5 8.7 104

Normal 260 217 131 179 105 7.7 105 9.6
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