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M., usic structures can be de­
scribed, processed, and syn-

• thesized using a more flexi­
ble kind of representation than the staff. 
In this article, we show how. In fact, we 
have chosen and organized symbols de­
pending on instrumental needs within 
common music notations. The leve! of 
representation within scores is more de­
tailed than that of music composition 
and more abstract than that of timbre 
modeling. 

The new kind of representation we 
propose makes up a conceptual music 
framework with as many different lev­
els of abstraction as the musician needs. 
It allows us to explicitly describe and 
process what we cali music objects (both 
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traditional and nontraditional music 
objects) . 

A music object means anything that 
could have a musical meaning and that 
we think as an entity- either simple or 
complex, abstract or detailed - with a 
name and some relationship with other 
music objects. We can describe music 
objects at various abstraction levels with­
in a hierarchical context- for example. 
the structural leve!, the score leve!, and 
the timbre leve!. 

Common music notation is charac­
terized by many different languages ( one 
ormorelanguagesforeachlevelofrep­
resentation). Our research is devoted to 
the definition ofjust one language. suit­
able for every leve! of representation. 
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To identify the most suitable descrip-
tion tool, we sought a formai tool that 

• requires few symbols, 
• has a graphical form of notation. 
• allows hierarchical description. 
• allows the description of music ob­

jects processing, 
• allows time description, 
• allows deterministic/nondetermin­

istic models, 
• allows macro definitions for com­

mon structures, and 
• shows the musician the score syn­

thesized as the model executes. 

Score modeling. We have been using 
Petri nets (PNs) 1 as the basic tool for 
music description and processing since 
1980. In our research, we have devel­
oped certain programs to edit and 
execute PNs for both music and gener­
al-purpose applications. 2 The most re­
cent program we developed is called 
Scoresynth. In it, we use PNs to de­
scribe, process, and synthesize music 
scores. 

While we assign music objects (MOs) 
to piace nodes for describing music in­
formation, we assign causai relation­
ships and transformation rules to PN 
structures and PN parameters (mark­
ing, nurneric labels, algorithms, etc.). 

MOs can be processed by modifying 
the superimposition and juxtaposition 
laws within PN structure. On the other 
hand, PN pararneters allow us to create 
instances of MOs that rnodify them­
selves according to the behavior of PN 
models during execution. Furtherrnore, 
we can represent the same musical in­
formation by PNs at a lower or higher 
leve! of abstraction by using suitable 
alternative modeling approaches. 

Indeed, a PN model with a particular 
initial state (that is, initial rnarking) can 
represent a family of scores; a particular 
execution of the model synthesizes a 
specific score. By modifying the initial 
marking of the model, we can change 
the family of scores that can be pro­
duced by model executions. A special 
situation exists when we have a fully 
deterministic model. In such cases, we 
can produce one only score (given a 
particular initial marking). 

The Scoresynth systern is made up of 
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Figure 1. Music object map dialogue with the two windows of Petri net node at­
tributes. 
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Figure 2. The score of the "Are You Sleeping" theme stored in the Theme file. 

the editor and the executer of the mod­
els. 

The editor allows the description of 
hierarchical, timed, concurrent, deter­
ministic/nondeterrninistic, and weight­
ed PN models. Both places and transi­
tions are used as the "morphism" nodes 
to implernent hierarchy. Comrnon PN 
structures can be described as rnacros. 
An interactive graphic user interface is 
provided to build PNs by an iconic rep­
resentation. 

The executer performs the models, 
synthesizes MIDI (Musical Instrument 
Digitai Interface) scores, and shows a 
graphic map of the MOs as they are 
generated by the model execution (see 
Figure 1). Looking at the map, the mu­
sician can internet with the model, stop 
the execution as soon as a bug is found in 
the model, and proceed to the editor 
environment to rnake modifications. This 
can be done simply by executing the 
model and looking at a graphic window 
that shows - on a tirne-MIDl_channel 

piane - the map of MOs as they are 
appended in the score and any informa­
tion requested by the .musician about 
the genesis of MOs. 

Music objects. As stated previously, 
the rneaning of MOs is strictly related to 
piace nodes. To us, an MO encompasses 
not only any sequence of notes but also 
something more generai that is not ex­
clusively linked to listening and not con­
nected to the idea of process because it 
could last zero seconds; Obviously, the 
definition of an MO is partly affected by 
the music code standard we use (MIDI) 
and must be kept within the bounds of 
this standard (see Figure 2 as an MO 
example). Ali MIDI messages. even if 
not directly concerned with a note, can 
be put in an MO. • 

MOs can be coded according to three 
syntaxes: 

• a coding language that is specific in 
Scoresynth, 
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Figure 3. A piace with an associated 
music object (a); a simple Petri net 
with an algorithm (b). 
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Figure 4. The IEEE net (a); the "Are You Sleeping" net (b). 
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Figure 5. The Voices net: (a) deterministic version; (b) nondeterministic version. 

Algl: (C: 1, $, [Theme, 1], 1 { ... all on MIDI channel 1; use "Theme" MO} 
M:1, $, 2) {. .. repeat 2 times} 

Alg2: (C: 1, $, [Theme, 1], 2 
M:1, $, 2 
P[C]: 1, $,? + 21 

{. .. all on MIDI channel 2; use "Theme" MO} 
{. .. repeat 2 times} 
(. .. 2 degrees transposition, C major tonality} 

Alg3: (C: 1, $, [Theme, 1], 3 {. .. all on MIDI channel 3; use "Theme" MO} 
D: 1, $,? / 2 { ... halve durations} 
M:1, $, 41 {. .. repeat 4 times} 

Alg4: {C: 1, $, [Theme, 1], 4 {. .. all on MIDI channel 4; use "Theme" MO} 
I: 1, $ {. .. retrograde} 
M:1, $, 21 [ ... repeat 2 times} 

Figure 6. The parameter Iist for invoking the Voices macro Petri net. 
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• an alphanumeric MIDI coding lan­
guage, and 

• a coding format that implements the 
Standard MIDI Files 1.0 format (both 
type O and type 1). 

The program uses the first format in­
ternally. The second format is based on 
the availability of editing tools (such as 
common word processors). The third 
format has been implemented for file 
import/export. MOs can be defined ei­
ther by a common text editor or by a 
MIDI controller ( a keyboard, guitar, 
microphone, etc.). The MOs can be stored 
in separate files ( one file for each ob­
ject) or within the PN file to which the 
associated piace belongs. 

Figure 3a shows the simplest net to 
perform an MO. We joined the Theme 
piace, which has been previously stored 
in a file according to any of the three 
allowed formats, to the Theme MO. 

The upper attribute of the piace de­
fines the number of tokens available, 
whiie the iower attribute specifies the 
maximum capa city of tokens allowed for 
that piace. 

The music algebra. The main idea of 
Scoresynth is to make it possible to trans­
form both the parameters of sound (pitch, 
timbre, intensity, and duration) and the 
arder in which notes appear, using aigo­
rithms. Algorithms join with transitions. 
If a transition has an associated algo­
rithm, Scoresynth merges ali the MOs in 
the entrance before making the transi­
tion fire. When the transition fires, it 
takes a token from each input piace, 
applies the transformation to the single 
MO obtained, puts the token into ali the 
output piaces, and places the outcoming 
MO into every output piace allowed for 
MOs. The transformation can oniy be 
appiied to note events. All the other 
MIDI commands are fiitered and iost. 

If Theme stands for the MO on which 
the aigorithm is processed at the input, 
the algorithm can be applied to the whole 
Theme or can be limited to one of its 
subsequences, as designated by the mu­
sician. lt is aiso possible to use informa­
tion from every MO availabie at that 
moment within the whoie model. 

An aigorithm can be formed by one or 
more single operators. Each operator 
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can affect either the parameters of the 
notes or their arder. Each operator is 
applied to the outcoming MO from the 
operator before. Set in its header. the 
algorithm is applied to the range of 
notes as each note occurs. The header 
also defines the kind of parameter to 
which the operator expression must be 
applied-pitch. duration. intensity (key 
velocity), MIDI channel - and the or­
der of the affected notes. Let us exam­
ine two examples of such algorithms. 

(1) Specular inversion. This can be 
done by means of_a reference note, called 
the mirror note; that is. every processed 
value of pitch is symmetrical to the mir­
ror note. The following is an operator to 
invert the pitches with respect to C­
sharp 3: 

P: 1, $, [Theme. l], 2 * C#3 - ? 

where P stands for pitch; 1, $ stands for 
"from the first to the last note of the 
input MO"; [Theme. 1] determines the 
use of information from the Theme MO 
(not from the MOs joined to the input 
places, which are the defaults and need 
no explicit specification) starting from 
the first note ( 1 ); and 2 * C#3 - ? is the 
expression that calculates the new pitch 
values. The ? is a metacharacter that 
represents the value of the parameter 
(in this case, the pitch), assigned to the 
current processed note. 

Other algorithm headers affecting 
note parameters are: 

C (channel) = operator on MIDI 
channels, 

D ( duration) = operator on dura­
tion, and 

L (loudness) = operator on inten­
sity (key velocity). 

(2) lnversion of the arder (retrogra­
dation). The inversion operator rewrites 
the input MOs backwards: I: 1, $, where 
I stands for invert. and 1, $ stands for 
"from the first to the last note." 

Other algorithm headers affecting the 
order of notes are: 

K (kill) = operator for delet-
ing notes, 

S (save) = operator for pre-
serving notes, 

M (multiply) = operator for multi­
plying notes, and 
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R (rotate) = operator .for rotat­
ing notes. 

Figure 3b shows a very simple net 
that can transform MOs. Here. we can 
join any algorithm we wish to the tran­
sition Alg, decide if we want to enable 
the execution of the Theme and/or 
Theme.mod MOs (setting the specific 
piace attributes), and decide if the MO 
obtained from the transformation 
(Theme.mod) should be volatile or 
stored in a file. In this case, a specular 
inversion algorithm may be P: 1, $. 2 * 
C-sharp 3 - ? 

Firing and timing. PNs are particu­
larly suitable for describing concurrent 
processes and con trolling their synchro­
nization ( or lack thereof). The behavior 
of the net implicitly determines timings. 
We can synchronize MOs simply by suit­
ably structuring the node connections. 
The structure of the net determines the 
firing sequence. 

The firing sequence changes with dif­
ferent executions of the net, so there is 
no correspondence between a net and 
its firing sequence. We can bave many 
transitions qualified for firing at the 
same time and not know which one fires 
first. The net does not describe this kind 
of information. Every execution of a PN 
model may give a different firing se­
quence. 

Our approach represents timed MOs 
by places and their transformations by 
transitions. The firing of a transition 
has a null duration. In this way, when a 
token is put into a piace with an associ­
ated MO, the token cannot be consid­
ered for the firing of transitions con­
nected to the piace unti! the associated 
MO has ended. 

Hierarchy and macros. In this sec­
tion, we introduce two new concepts: 
hierarchy (refinement) and macro. 

A refinement, called a subnet, is a PN 
that gives a more detailed description 
of a node ( either a piace or a transition) 
of the upper leve! of abstraction. If we 
choose to define a subnet associated 
with a piace P, then the daughter net 
must bave two special places: an input 
piace In and an output piace Out. Input 
arcs of P become input arcs of In, and 

output arcs of P become output arcs of 
Out. Transitions can be refined in the 
same way. We can also model recursive 
nets (that is, nets that contain them­
selves as refinement nodes). To avoid 
endless recursive expansions, we must 
assign a recursion leve! number to every 
recursive net. 

Furthermore, when we design a net 
model, we often have to create many 
similar nets that differ in their piace 
attributes and algorithms but are iden­
tica! in structure. With a macro net, we 
can use just one net as the base model 
and then modify its attributes and/or 
algorithms as needed. This enables the 
musician to create persona! libraries 
containing commonly used nets. We can 
do this by writing a modifier list for 
every subnet piace or subnet transition 
we want for the net. This modifier list is 
loaded into memory and actualized be­
fore execution of the model. 

Figures 4a, 4b, and Sa represent a 
deterministic model based on the "Are 
You Sleeping" theme, while Figures 4a, 
4b, and 5b represent a nondeterministic 
version of the same melody. (Tue alter­
native depends on Figures Sa and Sb. 
Figures 4a and 4b are deterministic if 
they are considered stand-alone nets.) 
The IEEE net is the most abstract net. 
The Are You Sleeping piace is then 
refined by the homonymous net with 
Input as input piace and Voices as out­
put plaèe. The input are to the Counter 
piace has weight 3; this means that the 
firing of the transition will put three 
tokens in the Counter piace. The Rest 
4/4 piace has a 4/4 rest as an associated 
MO. 

To expand the Voices piace with a 
macro net, we can use one of the two 
nets in Figure 5. In the first case, we 
obtain a deterministic execution of the 
model; in the second case, we obtain a 
nondeterministic one. Stated another 
way, we cannot fix the firing sequence, 
but the firing sequence is determined by 
Scoresynth with a pseudorandom uni­
form distribution of the order. 

The Input piace has no token as ini­
tial marking because it will receive to­
kens from the upper leve! of the model 
(in both the Are YouSleeping and Voic­
es nets). Figure 6 shows the parameter 
list for invoking the Voices macro PN 
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(note that we invoke only the actualiza­
tion of algorithms associated with the 
four transitions of the macro net here. 
but we cando the same with respect to 
ali the possible attributes of the PN). 

Figure I shows the map of the MOs 
obtained from the lEEE model execu­
tion. lt contains four different instances 
ofthe Theme.mod MO belonging to the 
Yoices net put on different MIDI chan­
nels. These MOs differ from one anoth­
er because they are generated by differ­
ent algorithms. The other MOs of the 
model are--not--present in the map ( or the 
output score) because Theme was set as 
an MO thar~ not meant to be played 
and Rest 4/4 produces a delay. since it is 
a rest MO and nota MIDI event. 

Transforming music structures. Our 
research has shown that music struc­
tures can be transformed simply by 

• modifying markings, MIDI channel 
specifications, and capacities of 
places: 

• modifying labels of arcs; 

• modifying MOs associated with 
places; 

• modifying algorithms associated 
with transitions: 

• modifying the structure of PNs: and 
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• executing nondetenninistic PN mod­
els many times. 

While editing PN structures and pa­
rameters affects causal/structural rela­
tionships within the architecture of 
scores, editing both MOs and algorithms 
affects the basic information units and 
their transformations. We believe that 
the Scoresynth system provides a pow­
erful means for describing and process­
ing music in a way that is closer to music 
thinking and perception than common 
music notation is. ■ 
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