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Abstract  
 
The advent of digital sound synthesis has offered to the musical researcher the 
possibility of exploring the concept of musical instrument in its broader sense. One 
principal axis of interest of the IRCAM Musical Acoustics Team is research on 
modelisation of musical instrument oscillation, the computer implementation of 
the models that arise, and the evaluation of the musical interest that the 
computer implementation may have. The program Modalys is the result of years 
of work in this direction: Modalys is an open environment where virtual 
acoustical instruments may be imagined, performed and manipulated. In this 
paper we present an overview of the ideas and results that make Modalys a 
powerful and particular tool used by computer musicians. The paper is split into 
several parts: a theoretical introduction to modal synthesis, a description of the 
synthesizer and its features, a discussion of its musical possibilities and a 
description of Modalyser, a graphical interface of Modalys intended for non-
programmers. 
 
 
 
 
History of the project 
 
In 1987, after experience with traditional synthesis methods and physical 
modeling, Jean-Marie Adrien became interested in the applications that Modal 
Analysis theory could provide to the field of sound synthesis. Modal Analysis 
has been, since as long ago as the nineteen fifties, an important tool that 
mechanical engineers use in the study of vibration. In 1988, Adrien wrote a set of 
Unix programs in C which became the preliminary version of Modalys. His 
research and results are described in his Ph. D. thesis on acoustics (1988). 
 
In 1990, Joseph Morrison rewrote Modalys to make it operational for musical 
production. This new version, which was written in C++ on a NeXT computer, 
featured Modalys as an extension of Oliver Laumann's Scheme interpreter (1994); 
in addition, it integrated the research of E. Ducasse (1990) and O. Calvet (1990) 
into new physical algorithms. The elegant design of the 1990 version of Modalys 
has proven to be solid, and is still the basis of the program in its current version; 
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however, at that time, except for a small group of users, Modalys was not 
intensively used in musical pieces because of its slow computing time. In 
addition, during the years 1991-1994 the program was unsupported. 
 
Modalys was brought again to life in 1994 by Gerhard Eckel (1995) and, since 
1996, Francisco Iovino coordinating new developments on the project, and the 
scientific support of René Caussé and the Ircam Acoustics Team. In 1995 Modalys 
was ported to Macintosh and since that year the program has been available to 
the computer music community via the IRCAM Forum (other supported 
platforms include Silicon Graphics and DEC Alpha stations). In recent years, the 
development has followed different directions: Richard Polfreman wrote 
“Modalyser”, a graphical interface intended for non-programmers; a real-time 
prototype of Modalys has been written, running on the top of the FTS real-time 
environment; also, some musical pieces using Modalys as main synthesizer have 
been premiered. Modalyser is written in Common Lisp on Macintoshes and is 
also available via IRCAM Forum. 
 
Composers, musicologists and scientists who have worked with Modalys include 
Marie-Dominique Bonnet, Louis Castelain, Richard Dudas, Ramon Gonzalez-
Arroyo, Guillaume Loizillon, Nicolas Misdariis, Francois Nicolas, Luis Naon, 
Jøran Rudi, Hans-Peter Stubbe-Telbgjaert, and Roderick Watkins. 
 
 
 
 
Physical modeling, modal theory and modal sound synthesis 
 
 Alongside traditional sound synthesis methods (phase vocoder, additive, 
source-filter, etc.), a new kind of technique has been developing during the past 
twenty years: physical modeling. The difference between physical modeling and 
signal modeling can be best understood by acknowledging that the sound 
production process consists of three parts: emission (a vibrating sonorous object), 
transmission (a medium through which the sound wave is conveyed) and 
reception (via the ears of the listener). A signal modeling approach considers the 
reception side and, therefore, is mostly concerned with the characteristics of the 
sound itself, whereas physical modeling tends to modelise the elements of the 
emission side, i.e., the physical system that causes the production of sound, and 
assumes that sound characteristics are intrisically included in the behaviour of 
the sonorous object. 
To illustrate – in a very schematic way – these two ‘philosophies’, let us say that a 
regular clarinet sound can be described either by a time-varying harmonic 
spectrum with odd partials boosted with regard to even ones, or by the result of a 
non-linear coupling between a reed (excitor) and a cylindrical acoustical tube 
(resonator) supplied by a blowing pressure. 
 
 
Introduction to physical modeling 
 
 Physical modeling synthesis results from several steps: first, 
understanding the physics of the instrument by means of experiments and 
visualization (analysis), then formalizing the fundamental principles under a set 
of mathematical equations (modelisation) and finally resolving these equations to 
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get the value of the acoustic wave for each sample of sound (synthesis). 
Additionally, a fourth step can be considered important for the synthesis activity, 
especially for the user: the development of a fitted computational environment to 
drive conveniently the physical model (control-of-synthesis). 
 Basically, the modelisation part describes the mechano-acoustical system 
implied in the emission of sound (Fletcher 1991). It takes into account the 
definition of the vibrating elements (geometry, mass, material properties), their 
mutual interactions, the external energy supplied to the structure and the 
assumption of boundary conditions and initial state. 
 As in signal modeling, physical modeling includes different mathematical 
approaches to describe physical phenomena. But, because all these approaches 
come from the same physical basis (mass conservation, fundamental relation of 
dynamics, action/reaction principle), it is not so easy to put them in clearly 
separated classes. Yet, some classification trials have been attempted in the past 
(Adrien 1988; Roads 1996); based on them, we propose here another way of 
simply looking at the problem. 
 
 The motion of a simple physical structure like a vibrating string can be 
described in terms of ‘wave equation’ as follows (see fig. 1 for notations): 
 

 1
c2
⋅
∂ 2y
∂t2

−
∂ 2y
∂x2

= 0 .        (1) 
 
The general solution of this precedent equation has the form: 
 
 y x,t( ) = g1 x − c ⋅ t( ) + g2 x + c ⋅ t( ),      (2) 
 
which is the result of the propagation of progressive waves along this element. 
So, as shown below (fig. 1), a string plucked at time t0 will give birth to two 
waves propagating in opposite directions and reflecting at each end of the string. 
At time t > t0, the deflection of the string is the sum of the contribution of the two 
waves. 
 
 

 

 
 

  Fig. 1: evolution of a plucked string shape 
 
After a space and time discretization of the system, the direct resolution of eq. 1 
leads to a finite difference equation (eq. 3): 
 
 y i, j+ 1( ) = y i +1, j( ) + y i −1, j( ) − y i, j−1( )      (3) 
 
where y(i,j) is the position of the ith string-point at the jth sample-time. 
The knowledge of initial state – y i,0( )  – for any i, and of boundary conditions – 
y 0, j( )  and y 1, j( )  – for any j allows the computation of the positions of all the 
points of the string at any time during its motion. Thus, synthesis is achieved. 
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This ‘traditionnal’ approach, initially used by Hiller&Ruiz (1971) for synthesis, is 
the representant of the so-called “progressive waves” formalism. 
 
 An efficient computational solution for the above finite differences 
equation is found if the traveling wave is implemented as a delay line, the energy 
losses and dispersion are implemented as a digital filter and the coupling of the 
system with an external source of excitation is implemented either as an 
initialization sequence, or, more realistic, as a non-linear element of the system. 
This approach, which has been popular for many efficient physical modeling 
applications and is known as “digital waveguide modeling”, has been 
systematically developed by J. Smith and his team (1992). The Karplus-Strong 
algorithm, intended to the synthesis of plucked string sounds, is a simple and 
powerful example of this kind of modeling (see fig. 2). 
 

 

+ OutputDelay Line

Digital Filter

noise

 
 

  Fig. 2: simple model of a digital waveguide 
 
In this particular case, the digital filter is implemented with the following 
equation: 
 
 yn = xn +

yn −N + yn−1− N
2

       (4) 
 
where  xn  is the input signal amplitude at sample n, 
  yn  is the output amplitude at sample n, 
  N  is the length of the delay line, 
 
and the plucked-like excitation is implemented by initializing the delay line with 
a short noise burst. 
 
 Another way of representing the same vibrating string is to associate it, in 
the general case, with a set of mass/damped spring entities transforming the 
continuous structure into a ‘constant localized’ discrete system (see fig. 3). 
 

 
y

x  
 

  Fig. 3: a discretized string with a set of mass/spring components 
 
After that, the string motion can be decomposed into elementary oscillator 
motions each described by the generic equation (see notation above): 
 
 m ⋅˙ ̇ y + c ⋅ ˙ y + k ⋅y = 0         (5) 
 



 

5 

where m, c and k are respectively mass, damping coefficient and stiffness of the 
elementary oscillator. 
 
In the string model, the coupling of the elementary oscillators together will 
induce mutual forces equivalent to the internal forces that exist in the structure 
during the motion. Here, the synthesis is achieved by numerically resolving a N 
coupled-equations system – if N is the number of discretization – giving, at each 
time-sample, the position of the N masses and therefore the string shape. This 
formalism is specially applied in the “Cordis Anima” concept developped by C. 
Cadoz and his team (1984). Sometimes, a similar electric representation is used. 
 
 Nevertheless, the complexity of some of the elements implied in the 
constitution of musical instruments – a cello body, for instance – leads to have an 
alternative to all the descriptions detailled above: it is found in the modal 
formalism. 
 
 
Presentation of the modal theory (Ewins 1986) 
 
 In modal theory, the motion of a structure is considered as the 
superposition of elementary motions – the modes – that each have specific 
characteristics: a frequency of oscillation, a damping coefficient of the energy and 
a deflection’s shape. This set of informations is called “modal data” and is 
sufficient to simulate either static or dynamic behaviour of a structure when it is 
externally excited. 
As an aside, an illustrative comparison can be made between frequency analysis 
and modal analysis: on one hand, the signal is decomposed to series of sinusoïdal 
waves having each their own frequency and amplitude, on the other hand, the 
shape of vibration is decomposed to series of modal shapes having each their 
own frequency and deflection amplitude properties. 
 
 Basically, the modal description of a continuous element leads first to a 
similar description as in the mass/spring paradigm (see precedent paragraph). 
Any physical structure is seen as a “Multi Degree Of Freedom” system, the 
number of degrees being equal to the rate of discretization. Upon a non-
dissipative hypothesis, the motion is then describe with the following generic 
equation: 
 
 M[ ] ⋅ ˙ ̇ y { } + K[ ] ⋅ y{ } = fext{ } ,       (6) 
 
where M[ ], K[ ]  are respectively the mass and stiffness matrices, and y{ } , f{ }  are 
respectively the displacement and external force vectors for the grid nodes. The 
determination of the natural modal properties needs to consider first the free 
vibration of the system, i.e. f ext{ } = 0{ } , afterwards a sinusoïdal solution is 
assumed: 
 
 y{ } = y0{ } ⋅ eiωt ,        (7) 
 
that leads to the equation of motion: 
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  K[ ] −ω 2 M[ ]( ) ⋅ y{ } = 0 .       (8) 
 
The “spatial model ” ( M[ ], K[ ]) is converted to the “modal model” ω{ }, ψ[ ]( )  by 
considering the non-trivial solution of the system (eq. 8): 
 

 
det K[ ] −ω 2 M[ ]( ) = 0
K[ ] −ω i

2 M[ ]( ) ⋅ ψ i{ } = 0
⎧ 
⎨ 
⎩ 

       (9) 

 
that gives, for the ith mode, ω i , ψ i{ }( ) , respectively pulsation and coordinates of 
the eigenvector, i.e. deflection for all points of the structure. 
 Then it is demonstrated that the set of eigenvectors ψ{ }  forms an 
orthogonal base where the solution of eq. (8) can be decomposed as follows: 
 

 y{ } = Ψ[ ] ⋅ ψ{ } ⇔

y1 = Ψ1
1 ⋅ψ 1 + … +Ψ1

N ⋅ψ N

…

yN = ΨN
1 ⋅ψ 1 + … +ΨN

N ⋅ψ N

⎧ 

⎨ 
⎪ 

⎩ 
⎪ 

   (10) 

 
which clearly show the property that the motion of the kth point of the structure is 
the result of the contribution of the N modes taken into account in its modal 
definition. 
 As for the last modal component – the damping coefficient attached to 
each mode –, it only appears in a dissipative configuration, i.e., considering losses 
encountered during the motion. For that, the displacement of an element is 
reported with a modified eq. 1: 
 
 M[ ] ⋅ ˙ ̇ y { } + B[ ] ⋅ ˙ y { } + K[ ] ⋅ y{ } = fext{ } ,     (11) 
 
where B[ ]  represents the damping matrix. In fact, on a simple modeling, a special 
type of damping is considered: the proportionnal damping where damping 
matrix B is a linear combination of mass M and stifness K: 
 
 B[ ] = a ⋅ M[ ] + b ⋅ K[ ].        (12) 
 
So modelised, the damping has the great advantage to mostly preserve modal 
frequencies and mode shapes as if the structure was ideal (without loss). The 
effect of damping is only focused on the expression of modal frequencies that get 
correction coefficients in order to induce exponential decay in the temporal 
solution. 
 
 Finally, for each vibration mode, a “modal data” set includes frequency of 
vibration, damping coefficient and deflection values for all points of the 
discretized structure. We can see below (fig. 4) an exemple of a modal file – 
produced by Modalys – of an acoustical closed-open tube. Frequency and 
damping information is illustrated via a sonogram of the impulse response of the 
tube (on the upper right), and motion of the air column is represented by the 
acoustical pressure distribution along the tube (below, right). 
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freq9_Hz:  1622.7 abs9_1/s:  3.63 
freq8_Hz:  1451.9 abs8_1/s:  3.11 
freq7_Hz:  1281.1 abs7_1/s:  2.64 
freq6_Hz:  1110.3 abs6_1/s:  2.23 
freq5_Hz:  939.5  abs5_1/s:  1.88 
freq4_Hz:  768.6  abs4_1/s:  1.59 
freq3_Hz:  597.8  abs3_1/s:  1.35 
freq2_Hz:  427.0  abs2_1/s:  1.18 
freq1_Hz:  256.2  abs1_1/s:  1.06 
freq0_Hz:  85.4  abs0_1/s:  1.00  

 
 
 

mode0: 
3.05974762 
2.92381161 
2.52808212 
1.90772144 
1.11785133 
0.22865523 

 
mode1: 

3.05974762 
1.90772144 
-0.68085790 
-2.75673735 
-2.75673735 
-0.68085790 

 
mode2: 

3.05974762 
0.22865523 
-3.02557276 
-0.68085790 
2.92381161 
1.11785133 

 
mode3: 

3.05974762 
-1.52987381 
-1.52987381 
3.05974762 
-1.52987381 
-1.52987381 

 
mode4: 

3.05974762 
-2.75673735 
1.90772144 
-0.68085790 
-0.68085790 
1.90772144 

 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

Fig. 4: modal representation of an acoustical tube genrated by Modalys 
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 Practically speaking, the modal description can be achieved in three ways, 
depending on the nature of the object to modelised: 
- in case of simple, homogeneous structures, modal data come directly from 
analytical solutions; 
- if the structure is less regular, the modularity property of modal representation 
is used to get the information: a complex geometry can be decomposed in more 
simple sub-structures and connected together. 
- finally, for an non-homogeneous complex structure – such as a violin body – 
modal data can be either produced experimentally with modal analysis (Marshall 
1985) or calculated with standard finite element software (Kindel & Wang 1987). 
 
 
Modal sound synthesis: the clarinet, an exemple of “Modalys modeling” 
 
 Therefore, from the points of view of both sound synthesis and musical 
application, modal formalism offers several interesting attributes: it allows a 
uniform description of a wide variety of mechanical or acoustical systems (even if 
they are complex), it provides direct control over the frequential properties of the 
structures themselves and it enables the construction of instruments – whether 
realistic or virtual – due to its strong modular properties. Thus, these also the 
main reasons to consider Modalys – an implementation of a modal synthesizer – 
as a powerful sound synthesis engine. 
 
 In fact, using the guidelines of modal formalism, the modelisation of a 
sound-producing object within Modalys can be seen as a collection of vibrating 
sub-structures characterized by modal data, connected to each other, mutually 
interacting and supplying each other with energy in order to induce motion in 
the composite object that has been constructed. 
 
 With the basic knowledge of modal theory presented above, the “black-
box” that transforms the provided energy into physical motion (and then into a 
sound signal) can now be elucidated more accuretly. In this didactic stage, let us 
examine how Modalys can be used to theoretically describe a clarinet-like 
instrument: 
 As mentionned in the introduction, a clarinet sound can be described as 
the result of an excitor (the reed) non-linearly coupled with a resonator (the bore) 
and supplied by a blowing pressure. At this level, it is worth noticing that the 
two vibrating elements constituting the instrument (reed and bore) will be 
described by linear models and that all the non-linearities existing in the 
functionning of the clarinet will be condensed in the excitor/resonator coupling. 
So, let’s focus successively on all of these constituent parts: 
 
• the bore is assumed to be cylindrical, so then, using some approximations 
made for the sake of simplicity, it can be described physically by the propagation 
equation (similar to eq. 1 but for an acoustical structure): 
 

 1
c2
⋅
∂ 2y
∂t2

−
∂ 2y
∂x2

= q ,        (13) 
 
where 
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 y  is the acoustical potential (equivalent to mechanical displacement), 
 q  is incoming flow of a volume unity, 
 c  is sound velocity in air. 
 
After a discretization of the bore in N equal segments of length Δx , and also 
discretizing the derivative with the finite difference scheme: 
 

 ∂y
∂x

=
yn +1 − yn
Δx

 and ∂ 2y
∂x2

=
yn+1 − 2yn + yn −1

Δx2
   (14) 

 
the continuous eq. (2) becomes for the kth portion: 
 
 SΔx

c2 ⋅ ˙ ̇ y k −
S
Δx

⋅ yk+1 − 2yk + yk−1( ) = SΔxq =U
k

ext     (15) 
 
where  
 
 S is the bore section, 
 U

k

ext  is excitation flow applied to the kth portion; 
 
which goes into to the general expression of eq (13): 
 
 M[ ] ⋅ ˙ ̇ y { } + K[ ] ⋅ y{ } = Uext{ }        (16) 
 

where, in this case, M[ ] =
SΔx
c2

1 0 . 0
0 1 . .
. . . 0
0 . 0 1

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 and K[ ] =
S
Δx

−1 1 . 0
1 −2 . .
. . . 1
0 . 1 −2

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

.(17) 

 
Then, as we see above, the solution of the problem will provide the modal 
information (eigenvectors and frequencies) and finally y{ } , the distribution of 
acoustical potential along the bore in the modal base. Finally, considering the link 
between acoustical pression and acoustical potential: 
 
 p = ρ ⋅ ˙ y , where ρ  is the air density,     (18) 
 
the response p{ } , in term of pression, of the discretized bore is obtained with 
regard to the set of external excitation Uext{ } , and of course the modal data 
ω i ,Ψk

i , ψ i{ }[ ]  (see notations previous paragraph); so that the pressure of the kth 
point of the bore can be formalized as follows: 
 
 pk = f Uext{ }, Ψk{ }, Ψ[ ], ω{ }( )       (19) 
 
• on the other hand, the reed is modelised in a simpler manner: in a first 
approximation level, it is common to modelise reeds of woodwind instruments 
(either simple or double reeds) or brass instruments (lips) using an elementary 
mechanical system of mass/damp/spring system submitted to a force resulting 
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from the pressure difference between the musician’s mouth and the entrance of 
the tube. For Modalys, this particular object is represented by a very simple 
description voth because this is precisely an elementary oscillator used in the 
discretization of a complex structure and because, taking into account that out 
system uses mono-dimensional motion, this is a single vibrating mode. In fact, 
the displacement of the mass is described with the following equation (see eq. 5 
for notations): 
 
 m ⋅ ˙ ̇ ξ + c ⋅ ˙ ξ + k ⋅ξ = fext        (20) 
 
which is a one-dimension reduction of the general equation (16). So, the modal 
data can be simply extracted and, in a sinusoïdal system, we directly obtain the 
position ξ  of the mass and the pulsation of oscillation. 
 
• the interaction between these two first elements ends the modelisation: in the 
case of a clarinet-like instrument, the coupling is a non-linear function linking 
acoustical flow coming from the reed (U0

ext ), the acoustical pressure at the 
connection point of the tube ( p0 ) and the displacement of the reed (ξ ). The 
design of this function has been elaborated in J. Backus experimental works 
(1963) and can be represented in a shift between two states: 
 
 U 0

ext = B ⋅ Pb − p0( )α ⋅ξβ + Se ⋅
˙ ξ  , when the reed is opened  (21a) 

 

 
U0
ext = 0
ξ = 0

⎡ 

⎣ ⎢ 
    , when the reed is closed  (21b) 

 
where  
 
 B is the Backus constant, 
 Se  is the effective moving part of the reed, 
 Pb  is the supplied blowing pressure, 
 α  , β  are exponents dependant to the reed geometry. 
 
 At this level, the physical system of the clarinet-like model is completely 
described with the set of equations (19) (20) and (21a&b) involving three 
unknown variables ( p0, U0

ext ,ξ ). After which, for each time-sample, the system is 
solved so that instantaneous values of acoustical pressure and flow at the tube 
entrance, and displacement and velocity of the reed are computed. 
Here, it is important to point out that because pressure of the different points of 
the structure is coupled at each step by eq. (19), it may be necessary to linearize 
eq. (21a),α = β = 1 , to simplify the resulting coupled equation system: the 
linearization doest not appear to affect the sound significantly as long as the 
(nonlinear) shift is preserved. 
 Finally, the determination of the dynamic variables at the point where 
energy is provided (tube entrance) is used in the determination of pressure or 
velocity at any point of the bore, using its modal description. Because of its heavy 
computation time, a radiation model is not implemented so that the sound signal 
processed comes directly from the value of velocity, as if a contact microphone 
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was glued on the string, or an internal microphonic probe was introduced into 
the tube. 
 
 Following the same scheme, many others instruments – either real or 
chimerical – can be built with Modalys. Some of them will be described later (see 
the chapter titled “A musical approach to Modalys”). Among the recently 
implemented Modalys objects, we can find Indian tabla, tampura, bagpipe, 
accordion, etc. 
 
 
 
 
Description of Modalys 
 
The elements of Modalys 
 
Throughout this section we will illustrate the principles of sound synthesis with 
Modalys with the help of the Modalyser program. Modalyser is by its own a 
complete program and needs a more detailed presentation: this will be done in 
the last section of the article. 
 
Modalys is an environment for virtual acoustic instrument design and 
performance. It has been compared with a virtual lutherie workshop: the user of 
Modalys has at his/her disposition a potentially unlimited repository of physical 
bodies, the object, from which a musical instrument may be built. As an object is a 
virtual representation of some kind of actual physical body, the user has to 
identify it according to its physical properties: an object is thus defined by its 
geometry type (tube, string, circular membrane, etc. See fig 5), the spatial 
dimensions for its particular geometry (length, radius, etc.) and finally the values 
of the physical properties of the material constituting the body (density, Young‘s 
modulus, etc.). Once the object has been created by the user, Modalys converts 
this physical description into a modal description (frequencies, loss coefficients, 
modal shapes) which is “invisible” to the user but indispensable for any 
subsequent vibrational computation on the body. 
 

 
Fig. 5. This figure ilustrates the different kinds of objects 

as they are visualised with the Modalyser program . 
 
Modalys supplies to the user an interesting set of basic geometry types (although 
this set is not exhaustive, it is in continual evolution alongside current research). 
Tables describing the physical properties of different materials (oak, steel, glass, 
etc.) can be found in a material handbook, and thus the Modalys user can easily 
create instances of any simple physical body. Furthermore, Modalys can take 
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advantage of the generality and uniformity of modal representation for 
mechanical or acoustical structures and thus instantiate an object directly from a 
given set of modal data. This is particularly interesting, as the modal data can be 
the result of a modal analysis of a real physical body which was unavailable in 
the base collection of objects. The fact that modal analysis has becomed a standard 
tool in the domain of structural vibration should convince us that, in principle, 
Modalys can be extended to take into account any object of our physical reality. 
 
An instrument is an assembly of objects. The instrument is not only defined by 
which objects are used to compose the assembly, but also by how are they 
assembled. This leads us to the second kind of Modalys element: connections. 
Connections are physical links that put objects into physical interaction with one 
another. An interaction can be seen as a means by which two objects can exchange 
energy. Two physical bodies can interact in several ways: the first object can 
strike the second, the first object can slide on the second, the two objects can be 
glued together, etc. (see fig 6). The purpose of Modalys connections is to simulate 
the physical equations that model the different kinds of interaction that may exist 
between two objects. In order for the instrument to be excited and vibrate, a 
connection has to be driven by external physical data (force, pressure, position, 
etc.). Thus, another important element of connections within Modalys are external 
variables, which are the agents that communicate with the “outside world”. More 
precisely, a performance gesture can be defined by an instantiation of a 
connection’s external variables. 
 

 
Fig 6. Two kinds of instruments: a bowed string, and a reed-tube-hole configuration. 

Access points on the objects are defined inside the Connection boxes. 
 
By themselves, objects and connections are not sufficient to specify a synthesis, so 
two other Modalys elements need to be introduced: accesses and controllers. 
Accesses are a sort of “interface agents” which may be used to send or receive 
energy to or from an object. In fact, without accesses, connections would be 
impossible to define; when putting two objects into interaction, it is necessary to 
specify the physical position of each point belonging to an interaction. As was 
stated in the theoretical chapter, the response of a body to an excitation force 
depends on the point where the force is injected, as well as on the point where 
the vibration is measured. 
 
Once the instrument definition part of the synthesis with Modalys is complete, 
the performance part must be defined. In a performance, the external variables of 
each connection belonging to an instrument are activated by creating controllers 
and mapping the output value of a controller to a connection’s external variable. 
controllers are Modalys elements which generate time-dependent values; a 
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controller may be seen as a box where, at any given point in time, a value can be 
measured. There are many ways to define a controller: it can be a constant value, 
or it can be an envelope defined by an out-of-time break-point-function, or it can 
be a performer’s gesture captured in real-time. The musical relevance of 
controllers comes from the fact that their values can be assigned to physical 
variables (such as pressure, position, etc.) and thus can be associated with the 
external variable of a connection in order to define the instrumental gesture that 
finally excites the Modalys instrument. 
 
One subtle yet essential particularity about physical modeling synthesis that the 
careful reader may have discovered while reading this description of Modalys: in 
a real-world situation, there is a clear distinction between the performer and the 
instrument, whereas in the virtual world, taking into account a performer’s body 
(fingers, lips, etc.) means modelizing it as a physical entity that interacts with the 
instrument. For instance, creating a virtual violin means assembling its elements 
(strings, fingerboard, bridge, wood, bow) and coupling it with a model of the 
performer’s fingers. The consequence of this amalgamation of instrumental and 
performance descriptions means that a performance is not only reduced to a 
description of the “expressive” gesture (bowing type, vibrato, etc.), but 
additionally needs to include all of the “non-expressive” gesture information 
(fingerings, selected string, etc.).  
 
Instead of speaking about expressive or non-expressive gesture when referring to 
the kind of physical actions that a performer executes, we would rather like to 
introduce the terms foreground and background gestural data. We apologize to the 
reader for the lack of clarity and precision within this definition, but we 
nonetheless feel it is justifed due to the lack of terminology within the fledgling 
fields of synthesis control and musical gesture analysis. Let’s ilustrate this 
terminology by looking the different levels of abstraction needed to describe the 
gestural data contained in a C-D-E-F-G phrase played by a bowed string 
instrument: the performer selects the right string, then with different fingers 
plays different notes, then a particular bowing color is given to each note (at the 
same time, some vibrato may exist!), and finally a global articulation envelope 
(which relates different parameters as intensity, legato/staccato, tempo, etc.) is 
given to the phrase. Our definition of background gesture refers to the selected 
string and fingering information (although varying in time, it is not the focus of 
expressivity of the phrase) and the foreground gesture refers to the bowing and 
articulation information, which is the information that the listener finally 
associates with the gesture. Defining any control environment in Modalys (see 
the chapter on Modalyser) means dealing with the implicit or explicit 
descriptions of these different gesture levels. 
 
 
Using Modalys from Scheme 
 
Modalys also offers the possibility of being controlled from a programming 
language; moreover, Modalys appears itself as an “extension” to an already well 
defined programming language: the Scheme language, which is a dialect of the 
Lisp family. This means that all Modalys elements (objects, connections, etc.) and 
functions (creating or manipulating Modalys elements, as well as running a 
synthesis or setting the synthesis parameters) are embedded in Scheme and 
appear naturally to the user as additional Scheme data or functions.  
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As provide an example, we will present some typical Modalys commands; 
unfortunately we cannot present a detailed and systematic exposition for a 
Modalys instrument construction and performance; the reader is rather invited to 
find it in the Modalys tutorial and the reference manual (Morrison 1991) if some 
points in our presentation are unclear. 
 
Suppose that we want to synthesize a xylophone sound: the steps to follow with 
Modalys should be to create a xylophone bar and a drum-stick object, then define 
a “strike” connection between the two objects, and finally, define initial positions 
for the two objects in addition to the path that the stick will follow in order to 
excite the bar. 
 
To create objects in Modalys, the make-object primitive is used: the arguments of 
this primitive are the geometry type, followed by a list of material properties, 
each associated with a particular value: 
 
(define my-xylo  
  (make-object ‘rect-free-bar (length 0.3) (density 300))) 
 
After this command is executed, the Scheme variable my-xylo will refer to the 
desired xylophone bar. The property list is optional: when Modalys creates an 
object, it defines a default value for each of its material properties. The optional 
list is necessary only if the user wants to redefine some default values. In a 
similar way, a drum-stick object can be defined, so we are ready to setting the 
type of connection that will be used between them. Before arriving at this step, 
however, accesses must be defined on each object so that the connection knows the 
precise points on the objects where the interaction forces will be computed. 
 
(define my-xylo-hit 
  (make-access my-xylo (const .6 .7) ‘normal)) 
 
my-xylo-hit represents the point on the xylophone bar where the stick will excite 
the structure. The parameter (const .6 .7) represents the relative position of 
the access in the bar -the value (const 0 0) referring to the low-left corner of the 
bar and (const 1 1) referring to the upper-right corner. The normal argument 
indicates refers to the axis of vibration where the access energy will be 
sent/received. After defining an access on the stick tip in a similar way, we could 
set the connection: 
 
(make-connection 'strike my-xylo-hit my-stick-hit 0 .1) 
 
The numeric arguments refer to the initial positions of the two accesses (in 
meters): the stick’s tip has been set to ten centimeters away from the xylophone 
bar’ excitation point at startup time, before any movement is computed. 
 
After the connection has been set, we can consider the instrument construction 
phase to be finished, so we can now proceed to the performance phase of the 
instrument definition. 
 
(make-connection 'position my-stick-base 
  (make-controller 'envelope 1 
    (list (list 0.00   .1) 
          (list 0.05  -.0001) 
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          (list 0.10   .1) 
          (list 5.00   .1)))) 
 
The purpose of this command is to make the stick’s base to follow the path that a 
performer’s hand would impose on it when striking the xylophone bar just once. 
Notice that from the time that the stick’s tip position is zero up to the release, the 
two bodies will be in physical contact and thus an interaction equation will be 
instantiated. Once the instrument is built and the performance is defined, we just 
need to run the synthesis: the following instruction will compute 5 seconds of 
sound. 
 
(run 5) 
 
We can not conclude this section without a justification about the choice of 
Scheme as a language to control Modalys. Scheme is a language that has been 
designed to stress conceptual elegance and simplicity (Scheme fans usually claim 
that the whole definition of the language is shorter than the index of a typical 
Common Lisp manual), and at the same time to have a wonderful expressivity. 
Many programming paradigms, including functional, declarative, imperative or 
message passing, find a convenient implementation in Scheme, and thus the 
popularity of Scheme among many academic and research centers. 
 
The advantage of defining Modalys as an extension to Scheme is twofold: 1- The 
Modalys developer has no need to write and maintain a special control language 
for the synthesizer. 2- The Modalys user benefits of a simple, elegant and well 
defined language. In this way, the huge and powerful tradition and know-how of 
Lisp programming techniques can encourage the user to explore control-of-
synthesis models imported from artificial intelligence (obviously, this kind of 
research is more intended for a musician more interested in out-of-time sound 
synthesis design than in real-time performance systems).  
 
Concerning the problem of the chouce of which implementation of Scheme to 
couple with Modalys, we decided upon Elk (Extension Language Kit, Laumann 
1994). Elk is an implementation of Scheme that, among many other advantages, 
offers an incredibly facility to integrate C or C++ functions and data structures as 
new Scheme primitives and data types. As Modalys is implemented as a set of 
C++ classes, this was a natural choice.  
 
 
Manipulating Modalys in real-time. 
 
Modalys has been ported to the IRCAM FTS real-time environment (concerning 
the current state of FTS see the article about jMax in this same issue). It is obvious 
that implementations of Modalys on real-time systems are essential for achieving 
direct interaction with the synthesizer. Moreover, by capturing real-time gestural 
information from the performer’s fingers or lips and mapping it to the Modalys  
connection’s external variables, the gestural data can be taken from its most 
expressive source: the human body. Among other advantages of real-time 
control, we must mention sound prototyping, as well as validation and correction 
of the physical modeling algorithms. 
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Fig 7. A Max-FTS patch that controls in real-time the width of a Modalys  

plate with the incoming Midi pitchbend. 
 
At present, the real-time implementation is still in progress (the technical details 
will be described in “Inside Modalys” section) and the user has to define the 
instrument via a Scheme file – in the same way described in the preceding section 
– which is passed as argument to the modalys~ object in FTS. The controllers 
defining the real-time performance are taken from the incoming FTS signal 
inputs of the modalys~ object box; an FTS signal can be thus imported into 
Modalys as a controller by referencing the so-called FTS-controller. For example, 
the Modalys command 
 
(define my-fts-controller (make-controller ‘fts i)) 
 
creates a handle to a Modalys controller whose instantaneous value is taken from 
the instantaneous value of the FTS signal that is hooked to the i-th input of the 
Modalys box 
 
 
Why the different control levels ? 
 
As can be seen from the above discussion, there are, at the present time, three 
modes of operation for Modalys: simple-graphical out-of-time, open-graphical 
real-time and text-language out-of-time. All this can be seen as confusing: why so 
many different ways of controlling the same synthesizer? Is this in any way 
advantageous for the user? Although the pertinence of each mode of operation 
(when and how to use it) finally depends on subjective reasons (one may prefer 
this or that environment) there are nonetheless specific situations where a 
particular mode of operation may be more appropriate than the others. 
 
It is obvious that for the non-programmer beginner, a graphical real-time mode is 
the right choice. But, even this “obvious” suggestion reveals itself as problematic 
when confronted with reality: the pertinence of this or that mode of operation 
should be more related with the user’s intention rather than with the user’s 
technological skills. By user’s intention we mean the kind of musical ideas that 
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he/she would like to explore and confront with the computer. Although is 
impossible (and useless) to try do describe all the hundreds of possible musical 
uses of the computer, we will formulate in very general terms two opposite but 
convergent kinds of approach that we present, not to be polemic but to give a 
context to our discussion.  
 
We distinguish between using the computer as a mean of production of music (for 
instance using the computer as any commercial synthesizer), or as a mean of 
reflection about music (for instance formalizing a certain musical style with the 
aid of the computer). Unfortunately, this distinction reveals itself to be rather 
simplistic when confronted with reality, because some musicians may claim to 
use both means (for instance a composer which writes some DSP algorithm and 
then writes a program to generate a piece using the same algorithm). Worst of all, 
in some cases the nature of some of the proposed uses of the computer can be 
reversed (once a composer formalizes his style, the computational model of the 
style produces formal material for musical pieces). The root of all these paradoxes 
may be explained by the nature of the computer as a general symbolic machine, 
as well as the different levels of interpretation that words such as “data” and 
“process” may contain. 
 
But let’s go back to the subject at hand: when and how to use a particular mode 
of operation? Experience has shown us that graphical or real-time environments 
are more fitted for musicians wishing to use the computer as a production tool, 
whereas text-based languages are more fitted for reflection-based tasks. Even if 
graphical interfaces are under continuous research and evolution (see the article 
about OpenMusic in this same issue), the musician interested in a deep 
understanding about sound or music form will be at some point interested in 
“hard” computer science problems (problems such as the traveling-salesman, 
which has been applied in some musical situations, would be implemented 
unnaturally with existing graphical programming environments). The same can 
be said about real-time systems, where the principal matter is computational 
efficiency; or, on the contrary, of the inadequacy of languages such as the Lisp 
family to implement real-time DSP algorithms. 
 
Thus, we hope that the user is convinced in this point of the need of different 
control levels to drive Modalys. The possibilities of Modalys, as described in the 
title of this paper, are endless and its users are permanently confronted (or 
condemned!) to an open environment where each basic element and task of the 
process of making music (object, instrument, gesture, phrase, form, ...) has to be 
defined and manipulated. Different modes of operation not only mean targeting 
different users, but also taking into account that a single user needs to represent 
musical ideas in many different forms. 
 
 
Inside Modalys. 
 
In this section we discuss the implementation of Modalys and how sound is 
computed. The fundamental data structures of Modalys are: 
 
- the current list of objects. 
- the current list of connections. 
- the current list of controllers. 
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The principle of operation of Modalys, as of most physical modelling 
synthesizers, is the sample-by-sample computation. At each sample, the list of 
objects is traversed and modal synthesis algorithms are computed for each object 
to obtain current vibratory state. Then from this information, the connection list is 
traversed to see if vibratory state of two objects imply an interaction activation 
(for example, the distance between two objects is zero). If this is the case, 
interaction equations are solved to obtain forces which will be injected in the two 
objects for next sample. 
 
Standard sound synthesis systems (CSOUND, Max-FTS, etc) compute sound by 
block computation, i.e., as sound is defined as the output of some signal 
processing chain; each N samples the chain is traversed and each of its basic 
algorithms is executed. Although the chain could be traversed each sample, the 
advantage of block computation is clearly that time is consummed more in 
algorithm execution that in chain traversing; the drawback is that the latency of 
the system is multiplied by N. 
 
In Modalys, the existence of interaction forces the computation cycle to be 
sample-by-sample: when an interaction force is active for the two objects, the 
force depends on the current vibratory state each objects and, at the same time, 
this force will be injected to each object during next sample computation. This 
feedback relationship, which lies at the conceptual basis of physical modeling, 
makes impossible to implement block computation for Modalys and 
unfortunately limits the amount of processing that can be done in a real-time 
context. 
 
 
 
 
A Musical Approach to Modalys 
 
Note to the reader: It would be inappropriate to discuss sound synthesis without 
listening to any sound examples. Therefore, an ensemble of sound examples has 
been prepared to accompany this section.The terminology used to reference the i-
th sound example is a separate line containing the text: [ModalysSoundEx-i.aiff].  
 
 
Modalys as a “physical” filter bank 
 
Although the principal goal of physical modeling synthesis with Modalys is to 
simulate the interactions between two or more vibrating structures, it is also 
possible to use the objects by themselves as resonators. Modalys objects can be 
set in vibration by applying any kind of external force, in much the same way as 
a gong or the strings of a piano can be set in vibration by shouting or singing next 
to them; the vibrations of the voice in the air force the gong or strings to vibrate. 
Modalys provides a very simple and intuitive way of simulating this 
phenomenon: treating a sound file as an input force. Using Modalys in this 
simplified manner is an excellent way for the composer to first immerse himself 
in the program, and quickly obtain pleasing musical results. 
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Using Modalys objects as resonating structures practically puts the composer in a 
“satisfaction guaranteed” situation, since the output is a direct filtered result of 
the input sound. (Remember that any function which takes an input sound and 
produces an output sound can be considered a filter in technical terms.) In our 
first example, we will use some pre-recorded percussive sounds made by tapping 
on the body of a stringed instrument. These taps have been edited and filtered, 
and otherwise composed into a small musical sequence: 
 
 [ModalysSoundEx-01.aiff] 
 
In our first application of Modalys, we will use this percussive sequence to force 
a set of virtual strings to vibrate.  
 
 [ModalysSoundEx-02.aiff] 
 
Our rhythms and general evolution of the spectral envelope have been retained, 
but our tapping the wooden body of the instrument has been metamorphosed 
into hammering the strings of the instrument. It just so happens, we decided to 
tune the strings to some of the predominant frequencies which can be heard in 
the sound file after the loudest tap on the instrument’s body. Some of these 
pitches were picked out by ear, and others were found through analysis. Now 
let’s see what happens to our set of strings if we re-tune them a bit with a few 
octave transpositions here and there, and use a sound file of the spoken voice to 
excite them: 
 
 [ModalysSoundEx-03.aiff] 
 
That’s a very rich effect, and could be an interesting alternative to reverb in some 
compositional situations. Here are a couple of sound examples which use this 
“sound file as external force” technique within Modalys: 
 
 [ModalysSoundEx-04.aiff] 
 [ModalysSoundEx-05.aiff] 
 
The former uses a recording of key clicks on a flute to excite a circular metal 
plate. The latter uses a much larger metal plate tuned to an A (55Hz), with the 
slowly-evolving sound of a multiphonic bass-clarinet as a source of vibration.  
 
These examples of setting a Modalys object in motion using a “force controller” 
as it is known in Modalys syntax is an excellent first step to using Modalys. It 
allows the composer to listen to discover the sound qualities of the individual 
objects, and how these objects react to different kinds of input sounds. There is 
no need for a beginner to be immediately burdened with the often difficult task 
of controlling a complex and sometimes unpredictable synthesis construction. 
 
Using Controllers: envelopes, MIDI, Scheme, … 
 
An open environment such as Modalys, while offering almost limitless 
possibilities, can often be difficult to control. A simple synthesis example such as 
a plucked string or a hammered plate, designed to clearly demonstrate a specific 
instrumental interaction, does not pose much of a control problem. However, 
when you start thinking of how to manage the flow of air on a single reed 
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instrument, the vibrating surface area of the reed itself and a dozen-or-so holes, 
which must be opened and closed in various combinations order to play a just a 
few octaves worth of notes, you can start to see why a handy, convenient and 
intuitive system of synthesis control is necessary. Fortunately, Modalys provides 
a plethora of controllers to suit every need and taste ! 
 
Certainly even one of the most basic controllers available is the envelope 
controller. It is just a series of values in time which define a breakpoint function, 
but the fact that it is such a simple controller does not mean that it will return 
simplistic results. The following sound example shows the potential expressivity 
of the envelope controller in controlling subtle nuances of both dynamics 
(striking the plate with different intensities) and timbre (controlling the “mix” of 
a hybrid object): 
 
 [ModalysSoundEx-06.aiff] 
 
Although the examples of synthesized physical interactions presented in the 
Modalys tutorial are an excellent point of departure, the majority of them leave 
much to be desired in the way of musicality. The musician beginning to work 
with physical modeling synthesis will immediately start by modifying the 
examples, changing the values, reworking the shapes of the envelopes, etc. These 
are all necessary first steps, but eventually, he or she will desire to create a 
“virtual instrument” from the basic building blocks and play it as if it were a real 
instrument. One of the easiest ways to go about this is to use a standard MIDI file 
as a source of input data. The following three examples each use the note-on 
information from a MIDI file to play a set of Modalys objects. 
 
Six plucked clamped circular plates: 
 
 [ModalysSoundEx-07.aiff] 
 
Thirty-nine plucked wooden xylophone bars: 
 
 [ModalysSoundEx-08.aiff] 
 
Thirty-six plucked strings: 
 
 [ModalysSoundEx-09.aiff] 
 
Notice how the MIDI notes in the last example do not have to correspond to well-
tempered pitches! We’re just using note numbers recorded by a pianist to trigger 
a series of numbered strings whose pitch does not necessarily correspond to the 
MIDI note number. In fact, the three examples presented above use slightly 
modified versions of the same file ! The only major differences between the three 
are the type of object being plucked, the number of objects being plucked, and 
the name of the MIDI file. Quite naturally, being able to import any data from a 
MIDI file (notes, controllers, etc..) instantly opens the door to a wide and varied 
spectrum of musical expression. 
 
Midi files are but one type of controller at the user’s disposal. Since the user-
interface and control environment for Modalys is the programming language 
Scheme, any function programmed in scheme can be used as a controller. These 
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can be as simple as basic arithmetic operations between existing controllers 
(envelopes, sound-file-controllers, noise controllers, etc.), to complex user-
defined algorithms which generate some musical control parameter for the 
synthesis. The following example shows how algorithmic controllers written in 
Scheme can be used to create an ethereal atmosphere by generating filigree 
within larger musical gestures:  
 
 [ModalysSoundEx-10.aiff] 
 
The example uses a set of seven free circular plates distributed in the stereo field. 
Each plate has its own noise controller, whose volume is controlled by simple 
“controlled-random” decision making, so each time the script is run, a slightly 
different result emerges. 
 
 
Toward the construction of virtual instruments 
 
Once we have a basic grasp of what Modalys objects do, how they can interact, 
and how we can control them, we can work toward the construction of virtual 
instruments. A good point of departure is trying to reconstruct a model of an 
existing musical instrument in Modalys. This allows us to have a stable point of 
reference for the moment when we decide to break away from the real-world 
limitations of instrument building and begin to build fantastic contraptions 
which do not need to obey the physical constraints of their building materials ! 
 
For now, let’s just look at some examples of “virtual lutherie” in Modalys. The 
first example is a virtual banjo. It is a very complete model consisting of a three 
plucked strings connected to a bridge and membrane. Let’s rebuild the 
instrument piece by piece and listen to the sound every step of the way. We’ll 
begin with a string: 
 
 [ModalysSoundEx-11.aiff] 
 
We’ll connect this string to the top of a Modalys bridge object. We’ll listen to the 
result of the string’s sound transferred through the bridge by placing our sound 
output at the bridge’s feet: 
 
 [ModalysSoundEx-12.aiff] 
 
Now, let’s adhere a circular membrane to the base of the bridge, and listen to the 
vibrations of the membrane at a point far from the bridge: 
 
 [ModalysSoundEx-13.aiff] 
 
That already sounds much more like a real banjo sound! All we need to do is add 
two more strings and our model is complete: 
 
 [ModalysSoundEx-14.aiff] 
 
But let’s not stop there! (If playing the banjo is all we wanted to do, it would have 
probably been a lot easier and faster to go down the street and buy a second-
hand banjo at the local pawn shop!) Since we’re building our own instrument 
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and fortunate enough to be working within a modular environment, let’s start 
getting creative! Imagine cross pollinating our banjo with a snare drum by 
adding some additional strings which vibrate wildly against the membrane when 
the banjo is plucked: 
 
 [ModalysSoundEx-15.aiff] 
 
We could continue to infinitely develop our instrument; the possibilities are 
endless and can lead to fantastic constructions. 
 
Since Modalys objects attempt to provide physical models of real-world objects, 
we often find that we can treat them as if they were real objects. For example, 
harmonics can be produced on a Modalys string by intuitively placing a finger 
(or more precisely a mass) at one of the node points on the string, or 
multiphonics on a clarinet can be simulated by overblowing on the reed. In the 
following examples, overblowing on a single-reed instrument produces a change 
in register or multiphonic effect, just as overblowing on a clarinet would produce 
a similar effect: 
 
 [ModalysSoundEx-16.aiff] 
 
Of course, a very interesting glissando can be achieved by changing the physical 
size of the instrument – something that would not be possible with a real 
instrument: 
 
 [ModalysSoundEx-17.aiff] 
 
The next three examples play with this oversized clarinet, in trying to slowly 
control the overblowing with a precision that a real performer would not be able 
to achieve: 
 
 [ModalysSoundEx-18.aiff] 
 [ModalysSoundEx-19.aiff] 
 
Now let’s take a look at another clarinet model which incorporates a series of 
holes on the body of the instrument, and play them by randomly choosing a 
“fingering”. The breath pressure and “mouth position” also change according to 
the pitch of the note played, in order to let more or less of the reed’s surface area 
vibrate. The idea is to simulate something resembling the actual interaction 
between performer and instrument. 
 
 [ModalysSoundEx-20.aiff] 
 [ModalysSoundEx-21.aiff] 
 
Playing an instrument takes practice, and our squeaky virtual clarinet player will 
need to spend quite a bit more practice time before he can attempt to play the 
Weber concerto! 
 
The next set of examples show how the musical gestures of a bowed string model 
can be enriched as we learn to play our virtual instrument. Let’s start with the 
tutorial example of a bowed string:  
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 [ModalysSoundEx-22.aiff] 
 
Not very sexy: the musical result is quite poor because of the over-simplified 
bowing gesture. However, could you believe that by modifying the string’s 
parameters and changing the bow pressure and horizontal speed slightly you 
could produce a sound like this?: 
 
 [ModalysSoundEx-23.aiff] 
 
Remember that Modalys objects do not have to be hindered by real-world 
constraints. We could just as easily modify the parameters of the string “beyond 
the point of no return”, so to speak, and create a bizarre inharmonic string that 
does not sound at all like a string: 
 
 [ModalysSoundEx-24.aiff] 
 
All we need to do is add a few more strings of varying thickness and pitch - 
although we will keep their lengths the same (36 cm.): 
 
 [ModalysSoundEx-25.aiff] 
 
Before we start to play a tune, let’s make sure our instrument is in tune: 
 
 [ModalysSoundEx-26.aiff] 
 
And now, we are ready to serenade you with a Sarabande on our virtual viola-
like instrument: 
 
 [ModalysSoundEx-27.aiff] 
 
Keep in mind that this is just a simplified model; it has neither bridge nor body - 
just four strings, four bows, a fingerboard and a whopping twenty-nine fingers! 
We didn’t use all of our fingers, though. There are seven per string, and one 
additional finger for the half-string harmonic on the D, so we could activate all of 
them and play chromatic music if we wanted to. This example really shows off 
Modalys’ expressive musical potential. It was by no means easy or quick to fine-
tune the controllers for the bowing, let alone the fingering, but then again, 
learning to play Bach on the viola is not an easy task, either. 
 
 
Modalys as a bridge between physical and signal models (Iovino 1997) 
 
One of the great strengths of Modalys is its connection with the signal world. As 
we previously saw, sound files can be used with Modalys to force objects to 
vibrate. In a similar manner we can use analysis data obtained from other 
programs to modify the physical characteristics of physical models in the 
Modalys environment. In some cases the precise modeling of a physical structure 
can be so complex that it is more practical to manipulate the modal data by hand 
using information obtained from spectral analysis. 
 
In one of our earlier examples (Sound Example 5), a circular plate tuned to a A 
(55 Hz) was excited by an external sound file. What if we take an analysis of the 
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spectrum of that same note played on a piano and use the data we acquire to re-
tune the partials of the metal plate ? This is exactly what this example shows: 
 
 [ModalysSoundEx-28.aiff] 
 
The mode frequencies and loss coefficients are initially set to those of the piano 
string, and in addition, a few of the frequencies are controlled dynamically to 
further enhance the sound’s evolution. 
 
In the same way we can use the analysis data from crickets to modify the 
spectrum of a tremolo bowed string. Here we’re using a string whose Young’s 
modulus (elasticity coefficient) has been increased to produce an inharmonic 
spectrum like the one in Sound Example 29. 
 
 [ModalysSoundEx-29.aiff] 
 
Let’s suppose we are writing a composition which uses concrete sound 
recordings, and we want to compose an interesting musical interplay between 
sounds synthesized with Modalys and the sound objects in our recording. Here, 
we’ve isolated and amplified some crickets from a nocturnal soundscape: 
 
 [ModalysSoundEx-30.aiff] 
 
By analyzing the spectrum of the cricket’s “singing” we can gather a few 
dominant frequencies and impose them on the already-inharmonic string. (We’ve 
already intuitively imitated the cricket’s rhythm by playing a tremolo in the first 
place.) 
 
 [ModalysSoundEx-31.aiff] 
 
The point here is not to faithfully imitate a cricket, but to play with our two 
sound worlds, and try to create some interesting interplay between them. We 
could even imagine slowly “melting” from our cricket-like string back to the 
original inharmonic tremolo string: 
 
 [ModalysSoundEx-32.aiff] 
 
In addition to controlling the frequency and energy loss of an object’s modes, we 
can also control the amplitude of the modeshapes themselves. In this way, we 
can impose analysis data which evolves over time on all of the parameters of a 
Modalys object, in order to create mutant sounds which inherit characteristics 
from both the world of physical models and the world of signal-based sound 
synthesis. The following sound examples are preliminary études in this new and 
exciting territory. 
 
 [ModalysSoundEx-33.aiff] 
 [ModalysSoundEx-34.aiff] 
 
A sound file of a voice singing five vowels was first analyzed using Ircam’s 
“Additive” program. The analysis data was then used to modify the frequency 
and scale the modeshape amplitude of a Modalys string object over time. The 
“singing string” can then be bowed, plucked, struck with a hammer, or excited 
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using any other type of Modalys connection. Modifying physically modeled 
objects in this way can often lead to unpredictable results, because we don’t 
actually have any idea how a bowed string would behave if it could produce 
different vowels!  
 
As computer processor speeds increase, we are ever-more capable of exploring 
the musical possibilities of Modalys and discovering new and often surprising 
sounds which can captivate us with their natural vitality and expressive realism. 
 
 
About sound examples 
 
Sound examples were created by: Dudas, R., Eckel, G., Naon, L., Watkins, R. 
 
 
Musical pieces using Modalys as main synthesizer 
 
Stubbe, H.P. “Masks”, for violin and electronics, premiered in Copenhagen,May 
1997.  
Watkins, R. “The Juniper Tree”, Opera for 5 singers, chamber orchestra and 
electronics, premiered in Munich, April 1997. 
 
 
 
 
Giving Graphical Control to Modalys: The Modalyser Experience 
 
Motivations for Modalyser 
 
Modalyser is a graphical environment designed to aid composers in creating 
musical sounds with Modalys. It has been initially designed not as a replacement 
user-interface for Modalys, but rather as a new graphical system for software 
synthesis that takes advantage of Modalys’ capabilities as a synthesis engine. 
Modalyser is currently a prototype system which serves as useful basis for 
development ideas and also illustrates some of the problems when designing an 
effective graphical notation for sound synthesis and control. The design of 
Modalyser has been based on the results of a task analysis of music composition 
(Polfreman, 1997) developed using techniques developed by Peter Johnson 
(1992). The analysis results are embodied in a Generic Task Model, which was 
used to provide both structural information regarding composition tasks and the 
task environment, and also definitions regarding concepts involved in task 
performance. This model was then used to inform software design decisions, in 
particular those relating to the organization of the user-interface. 
 
Modalyser attempts to provide a more user-friendly (for non-programmer users) 
environment than the Scheme programming language system provided by 
Modalys in several ways:  
 
 • removing the need to write Scheme code. 
 • enforcing syntactic correctness. 
 • simplifying the structure of Modalys and the terminology used.  
 • aiding the organization of potentially complex synthesis set-ups. 
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 • separating performance specification and synthesis construction to allow 
for maximum reuse of these two aspects.  

 
 
Modalyser Concepts  
 
A synthesis in Modalyser is specified in terms of instruments and scores. The main 
aim of this division is to allow instruments to be re-used for creating many sound 
gestures. A second aim is that an instrument should be able to respond 
appropriately to any given score with minor adjustments. This second aim is only 
partially achieved within the current version of Modalyser. The score/instrument 
model also presents users with a familiar conceptual structure in the user-
interface. 
 
An instrument is further divided into construction and techniques editing areas. 
The construction contains the physical elements of an instrument, while the 
techniques represent methods for controlling the instrument. These techniques 
consist of mappings from score parameters to dynamic controllers within the 
instrument’s construction. Thus, a parameter in a score activates a technique which 
will change control values in the instrument in order to create a performance 
(such as moving a plectrum to pluck a string). There is no limit on the number of 
controllers that a technique may affect, so potentially complex changes in an 
instrument can be made in response to simple changes in a single score 
parameter.  
 
The construction part of an instrument is edited via a simple “patch” notation, 
similar to those used in other software (Max, TurboSynth, Kyma, etc.) where the 
user can place objects and connections, represented by rectangular graphical 
objects, in an editing area and link them together to form an instrument. An 
example construction. can be seen in fig. 9. later in this section. Note that the 
spatial arrangement of the graphical objects does not affect or result from any 
synthesis parameters. Editing dialogs for the objects and controllers are accessed 
by double-clicking (or a key press) on the graphical objects. On-line help is 
provided by both “balloon help” (a Macintosh system wide help system) and 
help windows accessed via a key press while selecting the appropriate object. 
 
There are three types of technique in Modalyser: Pitch, Excitation and Timbre. In 
general, a pitch technique should make changes to an instrument that enable it to 
play different pitches (e.g. opening/closing holes in a tube); an excitation technique 
should control activation parameters in an instrument (e.g. setting breath pressure 
in a reed instrument); timbre techniques should control any other features of an 
instrument as required (e.g. moving a pickup across a plate). However, instrument 
techniques can be used for controlling whatever the user wishes. An instrument 
has one (monophonic) pitch technique, up to ten excitation techniques and as many 
timbre techniques as required. A score has three corresponding continuous 
envelope-type editors for specifying values for the three technique types. Pitch has 
a single parameter, excitation has two parameters (movement and pressure) and 
timbre has a single parameter. The behaviour of a technique is determined by a 
number of mappers that translate standardised score control values into 
appropriate values for Modalys controllers. Pitch ranges allow techniques 
(including pitch itself) to change behaviours according to the current pitch value, 
so that, for example, a plucking technique could pluck one string within one pitch 
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range and a different string in another. Each technique has a slot for specifying its 
behaviour for each pitch range. Pitch ranges provide a mechanism whereby by 
continuous controls can occur within pitch ranges and discrete changes can occur 
at pitch range boundaries. The behaviour defined for a particular slot will be 
activated when the pitch given in the score is within that slot's range. Fig. 8, 
shows an example of routing parameters from a score to an instrument's 
controllers - the current score pitch directs the current score parameters 
(including pitch) to one of three different sets of mappers (who in turn affect 
controllers) according to which pitch range the current pitch value lies in. An 
instrument currently has one set of pitch ranges (although sub-patch objects can 
use their own pitch ranges) governing all of its techniques.  
 

 Fig. 8 Example of Parameter Routing in Modalyser
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A Modalyser Example 
 
Fig. 9 shows a single reed instrument created in Modalyser.  
 

Fig. 9 Reed Instrument Example

Here, a tube is linked to a mass  (a
bi-two-mass) via a reed connection
- the mass  acts as the reed itself,
while the reed connection
simulates a virtual mouthpiece.
Twelve hole connections are made
to the tube, each tuned to be a
semitone apart. A pickup  (make-
point-output) is connected at each
end of the tube in order to output
its sound.

In the t echniques  area there are
thirteen pi t ch ranges  (far left), one
for each semitone in an inclusive
octave range. The pitches are shown
here as MIDI note numbers.  The
current range selected uses the
exci tat i on t echnique "Excite 1"
to control the active "Reed Breath
dynamic" - thus this t echnique
drives the reed vibrations. The
pi t ch t echnique for a particular
pitch range makes sure the
appropriate holes  are open and the
rest closed.   

 
Fig. 10 shows the editor for the "Excite 1" technique used in the instrument shown 
in fig. 9. There is one mapper (i.e. the technique is only controlling one value) to the 
right of the window, while the two score parameters for excitation are shown to 
the left. The mapper simply translates a (floating point) value between +100 and -
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100 from a score to one within a range specified for the control. The mapper sets 
minimum and maximum values, a percentage offset for its response, a response 
mode and a source (here either "M" for movement or "P" for pressure). Currently 
there are only three modes: linear, anti-linear and static. In the future we hope to 
add exponential, logarithmic and perhaps arbitrary transfer functions to this list. 
Moving a score parameter slider on the left, will animate the mapper slider in 
order to show how the mapper's output changes in response to that score 
parameter. 
 

  

Fig. 10 Reed Instrument Excitation Technique

    

Fig. 11 Reed Instrument Example Score

 
 
Fig. 11 shows a part of a score used to play this instrument. The top section of the 
window is for editing global information related to the score (what instrument to 
play, the score duration, etc.) and for displaying information regarding the 
currently loaded instrument. The lower section of the window is for specifying 
the performance parameters. The top envelope is used for setting the pitch 
(currently in Hertz, future versions of Modalyser will offer various pitch units). 
The horizontal grey lines on the pitch envelope indicate the boundaries between 
one pitch range and the next. Note that although the pitch curve is continuous, the 
"reedtube" instrument is actually only capable of discrete pitch control. The 
second envelope controls the excitation. This shows one parameter as height on 
the vertical axis and the other as the density of shading (the parameters can be 
swapped in order to select which one to edit). Here, only the movement 
parameter is used and the breath pressure is 0 at movement = -100.  
 
In an instrument with more than one excitation technique, colours that correspond 
to particular techniques are applied to 
the excitation envelope in order to change from one to another (only one excitation 
technique can be used at a time, whereas many timbre techniques can be used 
simultaneously). 
 
 
Usability Problems 
 
Modalyser attempts to present composers with a highly usable system for sound 
synthesis, but there remain many usability problems. Some of these difficulties 
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are the result of the prototype nature of the program (i.e., a lack of certain 
functionalities), while others are more fundamental to the design of the program. 
While it is believed that the conceptual structure of the system is appropriate for 
achieving high usability, there are some inadequacies with the notations used 
and with the data presentation in general. One of the key problems is that of the 
“distance” between the user and the physical model synthesis - both in terms of 
the synthesis specification and feedback regarding the simulated interactions. 
The user must build an instrument, make a score, export these to Modalys files 
and run a synthesis before a single sound can be heard. The only real feedback 
regarding what happened in the simulation is any information that Modalys 
produces during the synthesis and the sound itself (although Modalys’ plot 
output could be supported). A key part of this distance problem arises from the 
fact that Modalyser exists as a separate application from Modalys and is 
incapable of synthesizing sounds itself. 
 
This separation also occurs in the instrument construction notation. The patch 
notation was adopted initially for various reasons: it is a relatively familiar form 
of notation to many computer users; it is simple decode in terms of 
understanding the most important elements of an instrument’s structure - objects 
and connections; sub-patching allows for efficient organization of complex 
instruments; it is relatively quick to assemble the collection of objects/connections 
that are needed for an instrument. However, there are negative points to make 
regarding such a notation. The “patch” is a relatively abstract notation that, 
although effective at summarizing an instrument configuration, is cumbersome 
when it comes to editing the detailed parameters (such as object sizes, access 
locations etc.). That is to say, too much information is embedded inside objects 
and so is not immediately accessible at the top level of the notation. Attempting 
to make such a notation more “concrete”, perhaps by making the graphical 
objects sizes proportional to the sizes of the physical model objects they 
represent, or by using the graphic link positions as indicators of access locations, 
has its own problems. For example: several objects have no spatial “size” (e.g. bi-
two-mass, single-point, read-from-file); Modalyser often does not know the size 
of an object, since this is calculated by Modalys when tuning by size parameters; 
links showing accesses on plates and membranes would terminate inside the 
graphic object which would be messy; zooming would have be incorporated to 
deal with the range of possible object sizes, which seems unnatural for a patch 
notation. Using an “inspector” window for displaying object properties, rather 
than the current double-clicking to open editing window, may improve the 
situation, but would be only a partial solution. 
 
Another problem with the patch notation is that it would be difficult to animate 
for providing feedback to the user regarding the events occur during a synthesis. 
This means that a second notation system would have to be developed for 
providing such information, whereas it would seem preferable to use a single 
graphical notation for handling both construction and animated feedback in 
order to reduce the burden on users of learning multiple notations. 
 
An obvious choice of notation to use for both construction and synthesis 
feedback is that of a proportional 3D environment. However, it is not clear how a 
3D notation for Modalys instruments would work. In the original development 
of Modalyser, a 3D notation was rejected for various reasons, including: Modalys 
can break the rules of Euclidean space (e.g. a point on an object can strike two 
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separated points on another object simultaneously); some objects have no 
specified spatial occupation; using a disparate range of object sizes can be 
difficult; connections and controllers are not simulated 3D objects, but must be 
incorporated into the notation; many spatial relations between objects are not 
known (or are only partially known) and are not relevant in a Modalys synthesis; 
supporting abstraction (i.e. sub-patches) would be awkward; manipulation of 3D 
notations via mouse and keyboard is often cumbersome and it takes some time to 
develop the skills to work with such notations efficiently (think of 3D graphic 
design tools such as Specular Infini-D). However, it may be possible to design an 
effective hybrid notation that combines 3D representations of objects where 
appropriate with other types of representation for connections, controllers, etc. 
Such a notation would not necessarily place all the objects in a shared 3D space 
and should only require users to specify those spatial relations that Modalys 
actually needs. 
 
Moving on to the techniques editing area there are some further problems. While 
it is clearly desirable to add additional functionality here (specifically support for 
polyphony, copying of techniques and more sophisticated transfer functions in the 
mappers), there is again the problem of presenting the right amount of 
information at the top layer. While this part of the user-interface this seems to be 
reasonably effective, it could be improved to better indicate the control path from 
score to controllers in an instrument. While this can be seen for a selected technique 
and pitch range, it would be useful to see a more global picture of the parameter 
mappings and also to see this feeding more directly into the instrument 
construction notation.  
 
Finally, the score. While again there are many improvements to make here (e.g. 
dynamic zooming and scrolling, envelope fill and transform functions) the basic 
design seems to work quite well. One major problem is the development into a 
polyphonic system. It is not clear exactly how this notation could work 
polyphonically, since each pitch track would require its own excitation and timbre 
envelopes. A further stage of development would be to provide higher level 
manipulation of score information so that gestures created within the current 
score system could be positioned within a larger scale score structure that could 
include multiple instruments. This is less of a priority currently since it is 
generally impractical to synthesize large scale musical constructs in Modalys due 
to the extended processing time. It is generally more useful at the moment to 
synthesize relatively small sound segments for assembling in a hard disk 
recording system. 
 
 
 
 
Conclusion and perspectives 
 
Finally we present some of our plans for future development and areas of 
research that we hope undertake: 
 
- Porting to “new” platforms: Apple Rhapsody, Linux, Windows 95/NT, etc. 
- Modalyser: port to Java for cross-platform availability and integration with 
Modalys in a single environment.  
- Experimentation in Modalyser with a 3D interface for the instrument design. 



 

31 

- Finalization of the porting to jMax (and also MSP), link of Modalys-jMax with 
the instrument editor of Modalyser.  
- Evaluation of the real-time version with gestural controllers (existent and to be 
developed). 
- Implementation of new physical objects and interactions: flute-like and 
trumpet-like excitation, harp and piano soundboard, air columns. Consideration 
of the spatial component of sound produced by physical modeling sound 
synthesis and improvement of the existing diffusion techniques. 
 
Throughout this paper, we have tried to give a general overview of the Modalys 
project: its physics, mathematics, computational architecture, user interface, 
performance, compositional and musicological considerations. We are commited 
to the idea that only multidisciplinary approach and validation can make the 
project to advance. The reader may have noticed that we consider the Modalys 
project not as another computational approach to physical modeling synthesis, 
but as space of reflexion and convergence of all the resources of computer music. 
It is clear that a reflexion on virtual instruments cannot be taken independent of a 
serious collaboration with acousticians. Also, any reflexion on control 
environments has to take into account results in the fields of control-of-synthesis 
and gesture analysis/modeling. Finally, we have to consider import/export 
cross-relations with people working on computer-aided-composition systems, 
formalisation of musical language and psychoacoustics. 
We envision the Modalys project as a step going to an utopic environment where 
any imaginable virtual instrument could be created; where there would be also a 
rich set of tools for generation, transformation and articulation of instrumental 
gesture; where a rich set of tools for timbral combination and manipulation 
would be available. Although perhaps somewhat unrealistic, it is at least enough 
to keep us motivated. 
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Glossary  
 
Access: A point in a clearly defined position on an object. An access is useful in 
Modalys to send energy to the object or to measure its vibrational data. 
 
Connection: A link between two objects which defines some mode of physical 
interaction between them. The connection consists of two accesses (one access per 
object), the interaction and a set of variables which are going to receive external 
data from the outside world of the instrument (forces, distances, etc.). These 
external variables control the gesture that will finally excite and set the 
instrument in vibration. 
 
Controller: A value generator which describes, at each given point in time, the 
evolution of some parameter of Modalys. The musical relevance of a controller is 
that its instantaneous value can be mapped to a connection external variable to 
define a performance on an instrument.  
 
Elk: Extension Language Kit. An implementation of Scheme particularly useful 
for using Scheme as an extension language. Data structures and functions written 
in C or C++ can be mapped to new Scheme types and functions. 
 
Instrument: A set of objects which are assembled via connections. The instrument 
vibrates when one of its connections is activated by external movement or forces. 
 
Interaction: A mean by which two physical bodies can exchange energy. An 
interaction can be of different types type (strike, slide, glue, etc.). In mathematical 
terms, an interaction is a set of equations relating the vibrational variables of two 
points, one on each body. 
 
Mode: A Mode or Mode of Vibration of a physical structure is a well defined 
pattern of deformation that occurs at a clearly identificable frequency, called the 
natural or resonant frequency. The deformation of the structure is called a mode 
shape, and is a result of energy being stored in the structure due to the 
imposition of external forces. In mathematical terms, the modes of a structure 
may be viewed as the eigenvalues and eigenvectors of the characteristic equation 
of the physical system. 
 
Modal Analysis: A set of tools in the fields of mechanical engineering or structural 
vibration analysis which describe the dynamic properties of the structure in 
terms of its modes of vibration. 
 
Modal Data: The modal data identifies a particular mode of vibration of a 
structure. It is defined by: the modal frequency (the eigenvalue of the 
characteristic equation) the modal loss coefficient (in percent of viscous damping) 
and the mode shape (the eigenvector or the characteristic equation). 
 
Modal Synthesis: A method of physical modeling in which the instantaneous 
vibration of a physical structure is represented as a superposition of its basic 
modes of vibration. When compared with other synthesis methods, Modal 
Synthesis has the particularities of uniformity and modularity (modal data 
format is homogeneous no matter the physical properties of the structure) and 
perceptuability (modal representation is directly related to the spectral 
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information contained in the vibrational signal measured in some point of the 
physical structure). 
 
Modalys: Modalys is an environment for virtual acoustic instrument design and 
performance. Modalys elements are of four types: objects, accesses, connections and 
controllers. A configuration of objects and connections define an instrument. The 
instrument is then performed by associating controllers to the connection external 
data of the instrument. The user interacts with Modalys by executing Scheme (in 
its Elk implementation) functions; there are functions for the creation of each 
type of Modalys element and also there are the functions for running the 
synthesis, listening the sound, visualising vibrational data, etc. 
 
Modalyser: A graphical environment for creating control files to be synthesized 
with Modalys. The graphical paradigm by which Modalyser represents an 
instrument is the patch; i.e., the instrument is viewed as a graph of objects boxes 
linked by connections boxes. Instruments are performed by defining “Scores”, or 
sets of envelope functios which are to be associated to the connection data of the 
instrument via “Techniques”. Techniques define a set of pitch-dependent 
mappers that will linearly transform the score parameters before assigning them 
to the associated connection data.  
 
Object: A Modalys virtual instance of a physical body. The user creates an object 
by telling Modalys its physical properties (geometry, dimensions, material) but 
Modalys represents internally the object by its modal data. 
 
Performance: An activation of the vibration of an instrument by excitating its 
connections. The excitation of a connection is realised by sending physical 
parameters (forces, positions, etc) to the connection inputs. 
 
Scheme: A dialect of Lisp (Lisp is “the” language for writing artificial intelligence 
applications). The particularity of Scheme when compared with other Lisp 
dialects are its simplicity, elegance of design (Scheme is a language defined by a 
small set of function primitives and a clear semantics) and its expressivity (many 
programming paradigms, including functional, declarative, imperative or 
message passing, find a convenient implementation in Scheme).  
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