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The physical-mathematical models of orchestral
instruments represent an important theoretical and
experimental support for the composer and for the
application of new acoustic and performance cri-
teria. Western music has linked its evolution to the
transformation of instruments and performance
techniques through the constant interaction bet-
ween the expressive demands of the musical lan-
guage (e.g. pitch range and control), acoustic re-
quirements (e.g. sound irradiation level and type),
sound emission techniques (e.g. ergonomics and
excitation control). There is a constant interaction
and reciprocal adaptation between the construc-
tion of the instrument and the composition and
performance of music. For instance, consider how
the tenth-century Viella evolved into the family of
Renaissance Violas and then into the family of Vio-
lins. In terms of composition this coincides with
the transition from monodic forms that duplicate
voice and syllabic rhythm to the formal autonomy
of instrumental music, with the spread of the fre-
quency range, to the grand forms and orchestral
ensembles of Baroque music. Executive technique
is integrated in this process, since the player not
only fills the role of agent producing the acoustic
rendering, but also of expert demonstrating the cri-
teria of agility and ergonomics of the instrument
and inventing solutions of adaptation and virtuo-
sity.

Considered in temporal terms, the transformations
of musical language dating up to the last few de-
cades, appear to us uncorrelated with the physical
transformation of the orchestral instruments. The
executive technique attempts to match the vibratio-
nal characteristics of the instrument with those of
the language but, in many cases, results in aberra-

tions of the physical system (e.g. multiple sounds
of the winds, unconventional stimulation of the
strings and resonant bodies) which make intensely
complicated or aleatory the reproducibility of the
acoustic phenomena and, as a consequence, also
the notation and the prediction of the composer.

The use of electronics in processing instrumental
sound has led to profound transformations, above
all in the compositional and auditory terminolo-
gies, which immediately provide an answer to the
expressive requirements of the musical language,
but has favoured a real transformation only in a
few instruments ; by ?transformation ? is intended
the extension or the characterization, both acoustic
and executive (e.g. electric guitar). In serious mu-
sic, where the power of transformation rests on the
linguistic and technical system, electronics and the
traditional instrument have for a long time been
seeking interaction, integration and the sharing of
sound development without however succeeding
in losing their mutual identities. In many compo-
sitions electronics are used in parallel, it dialogues,
integrates, draws out the instrument but does not
change the instrument?s acoustic and technical
characteristics. In these compositions the presence
of a new sound structure can be detected, but the
action and control of the instrumentalist remain
partial and are not necessarily a recognizable mo-
dulating cause of the sound. Above all when the
musical passage utilizes processing of the instru-
ment in real time - and in general when perfor-
ming with live electronics - the main difficulty for
the player is to render his technical and expressive
style coherent with the resulting acoustic pheno-
mena. The perceptive vicissitudes of the acoustic
instrument and of electronics remain separate or
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uncorrelated ; even when a rational reconstruction
of the musical information is achieved during lis-
tening and the musical language supports the co-
herence of the information, we recognize the se-
paration between the vibrational structure of the
instrument, the process of electronic elaboration
and the performance technique.

A study of the physical behavior of the instru-
ments, its translation into mathematical models
and, subsequently, its simulation with numeric cal-
culation systems, appears to be the most feasible
course to take for achieving specific forms of in-
tegration and the transformation or invention of
new instruments coherent with present-day mu-
sical exigencies. Research in this direction inves-
tigates the complexities of physical reality for the
purpose of constructing analytic and synthetic me-
thods suitable for representing the phenomena in-
volved. Obviously the aim is not to imitate the
orchestral instruments for facile virtual utilization
(typical limiting commercial trend), but rather to
enlarge the knowledge of the vibrational pheno-
menon, to verify the models and to obtain acoustic
confirmation of the logical and numerical process.

These were the premises on which the musical and
scientific work was launched. This produced the
composition Gran Cassa (Lupone, 1999), and sub-
sequently led to the development of the instrument
Feed-drum.

1 The basic instrument

The symphonic bass drum, the lowest-toned per-
cussion instrument, was only added to the orches-
tra in the eighteenth century and by the next cen-
tury had assumed the form we know today. In par-
ticular, the drum - which originally was narrow
and long (as it still is in military bands) - was in-
creased in size to 80-90 cm diameter and to 35-50
cm height of the shell with two heads of natural
vellum fastened at the sides by systems which also
regulated the tension. The biggest version, suitable
for the largest orchestras, is the imperial bass drum
with two heads of 102 cm diameter. It was on this
type of instrument, lent by the L. ?Aquila Conser-
vatorio and used for the first performance of Gran
Cassa, that the preliminary experiments were car-
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ried out for both the work of musical composition
and the project of the Feed-drum (Fig.1).

The role of the bass drum - however essential and
ever-present in the orchestra from Mozart onwards
- is considered as secondary and limited to a few
modes of sound emission : the drum roll (pro-
longed note), often finalizing crescendos and the
reinforcement of the low tones of the orchestra in
rhythmic sequences. Specific techniques were not
studied, as in the case of the timpani, and typi-
cal strikers are the baton and the timpani sticks.
The idea of a musical work entirely based on this
instrument originated from observation of the vi-
brational modes of the skin and from experiments
made previously with the Planephones® and with
the physical model of the string and the bow (Pa-
lumbi, Seno 1997).

Although the skin allows the excitation of a consi-
derable number of high-frequency modes, their
duration in time is not appreciable by the listener,
apart from the timbric contribution to the attack
phase of the sound. The possible variations of the
mode of emission, adequate for a sufficient acous-
tic response of the resonator (shell), are limited and
with scarce modulability. The basic frequency !,
obtained by the tension of the skins, upper and
lower, each bound to the edges with 16 mechani-
cal tie rods, is influenced by the nonhomogeneous
distribution of the tensioning forces which contri-
butes to render complex the spectrum of the real
modes.

2 Experimental Work

Following a phase of listening and analysis of the
sound characteristics of the instrument, adopting
also unconventional modes of excitation such as
rubbing and jetée of wire brushes, it was impe-
rative for the composition of the musical work
to identify and classify a wide range of possible
sounds with different degrees of contiguity.

The experiments were made with the aim of achie-
ving the following objectives :

IWe have preferred this term, here and subsequently, to the
sometimes adopted “fundamental”, since the latter should be
more correctly reserved for the pitch frequency of tuned instru-
ments
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Fic. 1 — Premiére of Gran Cassa, Alessandro Tomassetti plays an Imperial Bass Drum Corpi del suono

1999 — Istituto Gramma, L’Aquila — Italy

1. variation of the basic frequency through the
application of nodal constraints to the skin,

2. identification of timbres on the basis of type,
mode and point of excitation,

3. sound modulation through glissandos, vi-
bratos, portamento and rhythmic micro-
articulation,

4. continuous and/or step variations of the dy-
namics, on the basis of the type of damping
applied to the skin.

The characteristics of the traditional bass drum ob-
viously do not permit the achievement of a range
of acoustic results relevant to the proposed objec-
tives. In order to explore the timbre richness of the
attack phase and to isolate the vibrational modes,
a system of electronic conditioning of the skin was
created. Through the principle of feed-back, the si-
gnal produced by the excitation of the skin was
returned to the skin itself in the form of acoustic
pressure. The result was the infinite prolongation
of the sound. The system controls the damping of
the movement of the skin, and therefore the de-
cay rate of the sound, and permits the isolation of
high frequency modes by the combined action of

the nodes present on the skin and of the amount of
feed-back input energy.

The stability of the signal obtained with this condi-
tioning system made it possible to experiment and
design on the skin surface a preliminary simplified
map of the oscillatory modes based on the Bessel’s
functions. The map was limited to 13 diameters
and 8 nodal circles (Fig. 2, Fig. 3), the latter di-
vided into even semicircles (to the left) and odd
semicircles (to the right).

Electronic conditioning of the instrument left the
topology and primary acoustic features unaltered,
but increased the scope of the vibrational criteria
and control. This was used so that it was possible to
distinguish the different pitches of various modes,
to obtain the emission of long notes which could be
modulated as those emitted by a stretched string
and to adapt the acoustic energy independently of
the emitted frequencies.

In order to maintain agility of execution and an
adequate reproducibility of the phenomena, the
first classification of sounds and performance tech-
niques was limited to the use of fingers, hands
and arms (Fig. 4). During the composition of Gran
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Fic. 3 — Feed-drum, first map with 13 diameters
and 8 nodal circles
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Cassa, experiments were also made with objects of
different shapes and dimensions occupying wider
or multiple nodal sections; this enabled us to in-
crease further the sound possibilities, but the com-
plexity of the vibrational phenomena involved an
analysis also of the mechanical parts of the ins-
trument in order to comprehend and reduce the
dispersions as well as the non-linear contribution
introduced by the vibrations of the structural ma-
terials and their combinations.

Given these complications, it was decided to plan
and realize a new instrument, the Feed-drum (Fig.
5), for the purpose of not only extending the acous-
tic possibilities, but also of permitting the ergono-
mic use of new executive techniques. In particular,
the vibrational attitude was transformed by eli-
minating the lower skin, a decision which simpli-
fied the tuning of the instrument ?s basic frequency
(30 Hz) and reduced the excitation rise time in the
upper modes. A synthetic membrane was applied
with isotropic characteristics and high flexibility on
which the previously described map was drawn,
with colors that made the areas of performance
more visible. The shell and the tensioning hoop
were realized in steel and aluminium ; in particu-
lar, the tensioning hoop was made stiffer while the
height was reduced and the adhesion surface in-
creased. The suspension system was realized in
such a way as to separate the Feed-drum completely
from the supporting structure on the ground; all
the mechanical parts, which were in contact with
one another, were separated by an intermediate
layer of antivibrational material.

Despite the fact that there were still many aspects
to be studied, it was possible to verify on the Feed-
drum the reproducibility of the classified sounds
and of the modulations, the adroitness of the ex-
citation and control modes, the extension in fre-
quency and the pitch characteristics. This facilita-
ted drafting the performance score of the compo-
sition Gran Cassa and subsequently of the compo-
sition Feedback (for 3 Feed-drums) (Fig. 6) where
there were, in addition to the usual indications of
rhythmic practice, the forms and points of exci-
tation of the membrane, the quantity of feedback
input energy, the frequency and duration of the
sounds, the point intensity, the types of modula-
tion (vibratos, glissandos, portamenti), the range
and velocity of the modulating action.
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Fic. 6 — Feed-drums (2002), excerpt from the score
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Fic. 4 — Feed-drum, one of the performance tech-
niques for the excitation of high frequency modes

Fi1G. 5 — Feed-drum
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3 Theory of operation — a draft

The behaviour of the Feed-drum is extremely com-
plex and many of its aspects still have to be clari-
fied. We will attempt to illustrate here the known
elements, those conjectural and those remaining to
be defined.

The oscillation modes of a circular non-rigid mem-
brane, pegged down and stretched along its rim,
are known from literature. In a conservative model
(that is, without dissipations and acoustic irradia-
tions and therefore “in vacuum” ), the oscillation
modes of a membrane of radius a have the form in
cylindrical coordinates

2(p, ¢, 1) = R(p).D(¢p)-cos(w.) @

where : R(p) = [n(m, kp) and ®(¢p) = A.cos(m.gp+¢°)
and where Jn(m, x) are Bessel functions of the first
kind and of an order m. ¢ is an arbitrary phase
dependent on the initial conditions (there cannot
be any privileged directions, since the problem ap-
plies to a circular symmetry).

Owing to the constraint on the rim, R(a) =
Jn(m,k.a) = 0, where a is the radius of the mem-
brane; this allows calculating k (wave number)
which is discrete and dependent on two indices
(m,n) : kyn = Ryu/a, where R, , is the n'" root of
the Bessel function of order m, Jn(m, x).

Hence (1) becomes Zmn(0, @, 1) =
A J0(1, Ky up).cos(m. + @Y, )

Determination of the wave number is therefore
possible by determining the roots of the Bessel
function of the first kind. Once the roots and wave
numbers are determined, the angular frequencies
peculiar to the modes are given by : wy,, = kyu.C
where c is the velocity propagation of transverse
waves in the membrane, ¢ = VT/o where T is the
stretching force of the rim and o is the surface den-
sity of the membrane. However, ¢ can easily be
estimated on the basis of the frequency v; of mode
(0, 1), the lowest of all (basic frequency), taking into
account that Rp; = 2.405:

2.7‘[.01
cC=——.4a
Roa

For the Feed-drum, a = 0.51m and v; = 30Hz, and
therefore ¢ = 40.m/sec.
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Irrespective of the order of the Bessel functions,
the root base tends to © for m — oo[2]; in ad-
dition, Bessel functions of different order do not
have coincident roots (an important consideration
for the purpose of the Feed-drum).

The exact calculation of the roots can only be rea-
lized numerically, a task which is not particularly
difficult given the oscillatory character (even if not
periodical) of Bessel functions. In fact, the roots
of these functions are each comprised between a
maximum and a minimum or vice versa.
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Calculations of the frequencies for the modes up to
5 octaves above the “basic frequency” (960 Hz for
the Feed-drum) gives the following distributions
of frequencies and modal density :

F1G. 9 — Modal frequencies in semitones with res-
pect to the basic frequency

The index m is responsible for the creation of nodal
diameters, the index n for that of nodal circles. In
general, the pattern of the modes is simply correla-
ted to the indices, as can be seen from the diagrams
given below.
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F1c. 10 — Modal densities : the number of modes
per semitone in the ordinate; in the abscissa the
modal frequencies in semitones with respect to the
basic frequency

4 Conditioning system and im-
plementation

Excitation of the membrane is via a loudspeaker (&
=45 cm.) and a 11 cm-long wave guide (designed
to convey maximum acoustic pressure between the
center and 1/3 of the radius); that is, fairly short as
far as the form factor is concerned. It proved fairly
easy to obtain, in addition to the 30 Hz basic fre-
quency, the 68.9 Hz frequency corresponding to
the mode (0,2). It was on the contrary impossible
to obtain the frequency of 47.8 Hz corresponding to
the mode (1,1). At these frequencies, the behavior
of the air excited by the loudspeaker can presuma-
bly be schematized with a piston motion, which
exercises an almost uniform pressure on the mem-
brane. A uniform excitation is poorly compatible
with the modal form (1,1).

The loudspeaker was driven by an electric power
signal, generated by a feed-back system that sam-
pled the signal issued by a piezoceramic sensor
placed on the rim and detecting deflection of the
membrane. In this way a ?multimodal ? oscillator
was obtained generating a feed-back on a resonant
element, the membrane. The loop gain was control-
lable by a pedal.

5 Intonation of the upper modes

Intonation is through the combined action of the
negative feed-back gain and of the pressure on one
or two points of a nodal line. The effect of the pres-
sure can be schematized in a first approximation as
dual : on one hand the introduction of a constraint
on the pressure points, on the other a shift of the
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“work point” of the membrane around a slightly
higher tension, and therefore an increase of the
transverse wave velocity c . Consequently, all the
frequencies move upwards. It is a matter of a shift
mechanism, a “pitch-shift”, in the sense that the
frequencies of the modes are all multiplied by a
common factor, therefore leaving unchanged their
relationships. In point of fact this effect has been
encountered in practice and is utilized for obtai-
ning the vibrato. The term “pitch-shift” is howe-
ver improper in this case, since the spectrum of the
partial tones of the membrane is not harmonic and
as a result a pitch is not definable?.

The apposition of constraint points (z = 0) has the
effect, as a rule, of inhibiting every mode which has
no set of nodal lines passing through all the afore-
said points, not even with an opportune choice of
@°. For example, pressing the center of the mem-
brane makes all the modes with m = 0 becoming
impracticable, since this point is invariably an anti-
node for these modes. Pressure on any other point
of the membrane (speaking theoretically) makes all
the modes with m > 1 practicable, since it will al-
ways be possible to have a nodal diameter passing
through that point. In practice, since the constraint
is not perfect, preference will be given to the mode
which possesses both a nodal diameter and a no-
dal circle passing through that point. The conse-
quence of the fact that the functions of Bessel have
no coincident roots is that the modes of different
m order cannot have coincident nodal circles. Even
modes with the same m and different n obviously
cannot have coincident nodal circles. Two different
modes can, on the other hand, have coincident no-
dal diameters if the ratio of their indices m is an
integer number. A single pressure point different
from the centre identifies therefore a mode only
having a diameter and a circle passing through
that point. The points which “discriminate” better
the frequency modes are, however, those near the
centre, because the nodal circles become densely-
packed towards the perimeter and a single point
therefore tends to have many of them very near to
it. Consequently;, it is the first nodal circle, the in-
nermost one, which best discriminates the modes,

2Tt is known that the timpani (kettledrums) are endowed
with pitch, but this is obtained thanks to the kettle and to the
interaction with a great mass of air. See [1] for a more in-depth
discussion.
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as is also shown by a variance analysis.

In theory, pressure on any two points of the mem-
brane could create constraints incompatible with
any mode.

However, all these considerations are better limi-
ted to modes of relatively low order. In fact it can be
presumed that the approximation of the non-rigid
membrane results less valid with the increase of the
mode order, since the node base tends to become
comparable with the thickness of the membrane
itself.

There are also other considerations. The classic
equation of the membrane generally used for obtai-
ning the modes (see 3.7, p. 69, of [1]) is, as already
mentioned in this text, entirely conservative and
does not take into account either dissipation due
to internal friction or irradiation. The latter both
being mechanisms that dampen the partials, cau-
sing their decay in the absence of an exciting force.

A symbolical solution of the equation correspon-
ding to the vibro-acoustic movement described is
definitely impossible, even if greatly simplifying
hypotheses are adopted. It is certainly possible to
solve it with numerical methods (such as FEM,
BEM, etc.) but even in this case, if acoustic-elastic
coupling and internal dissipations of the mem-
brane are to be taken into account, the problem still
remains extremely delicate and the results should
be subjected to thorough experimental verification.

However, even in the absence of a solution, it is
possible to note that decay of the partials is in any
case connected with the merit factor (Q) of their
resonance and provokes a widening of the spectral
line, always more marked the more the relative
mode is damped. The internal frictions are pro-
portional to the velocity of variation of the local
curvature, which increases with the frequency. It
can therefore be presumed that, similarly to stret-
ched strings, damping of the modes increases with
their frequency. Consequently, in the upper spec-
tral areas, where the modes are close together and
massed (see Figs. 9 and 10), the transfer function
of the membrane is more continuous than discrete,
with moderate peaks on the modal frequencies. In
these areas the modes which can be excited are less
precisely definable and depend on the loop gain
and on the frequency characteristics of the negative
feedback electronic circuit. Conversely, the passage
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from one mode to another of adjacent frequency
has little influence on the resultant frequency.

Construction of a future improved map for exci-
tation of modes must therefore foresee a judicious
choice of the pairs of points which offer the most
significant discrimination between modes.

In addition, the modal frequencies should be veri-
fied experimentally, since it can be presumed that
the frequencies of some modes deviate from their
nominal values owing to the presence of the ac-
tuator with relative wave guide which has a beam
width equal to 1/3 of the membrane diameter. The
measurement of these deviations cannot be de-
termined reliably with theoretical considerations,
since the overall model is too complex and can
only be solved (as already shown) with numerical
methods.

6 Conclusions

The trials carried out to date with composers and
percussionists, both classical and jazz, were recei-
ved with an enthusiasm which stimulated sugges-
tions for extending the control criteria, the use of
special strikers of various forms and dimensions,
and the application of independent hand tech-
niques. No need was found for substantial struc-
tural modifications to the Feed-drum. Subsequent
developments will principally concern ergonomic
aspects, with the compilation of more precise no-
dal maps, probably of different conception, and of
simpler and immediate use. In addition, improve-
ments are quite conceivable in the electronic condi-
tioning system and in its operation for the purpose
of improving controllability of the emission of high
overtones. These revisions of the project will be
preceded by a series of measurements with the ob-
ject of defining more thoroughly the behavior of
the Feed-drum, both with the loop open or clo-
sed, through assessment of the transfer functions
and exact measurement of at least one significant
subset of modal frequencies and their comparison
with theoretical predictions.
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