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ScoreSynth: 
A System for the Synthesis of Music Scores 

Based on Petri Nets and a Music Algebra 

Goffredo Haus and Alberto Sametti 

lntroduction 

In this paper we show how music structures can be described. processed. and synthesized by 
means of a more flexìble kìnd of representation than the staff. In fact, symbols are chosen and 
oqrnnized depending deeply on instrumental needs withìn common music notation. Tue level of 
rcpresenlation within scores is more detailed than that of music composition and more abstract than 
that of timbre modeling. Tue new kind of representation we are proposing makes up a conceptual 
music framework with as many different levels of abstraction as the musician needs and allows us 
to explicìtly describe and process what we cali music ohjects (MOs) - both traditional music and 
nontraditional music objects. An MO means anything that could have a musical meaning and that we 
1hink of as an entity. either simple or complex. either abstract or detailed - an entity with a name and 
some relationship with other MOs. 

Therefore. we can describe MOs at various abstraction levels withìn a hierarchical context of 
description. For example. we can have lhe followìng: the structural level, the score level, lhe timbre 
level. and any other leve I we think is suìtable for our music representation. Common musìc notation 
ìs characterized by many dìfferent languages (one or more languages foreach leve! ofrepresentatìon). 
Furthermore. modem composers have introduced a myriad of notation conventions to represent 
concepts that the common music notation cannot represent. Our work is devoted to the definition of 
a 011e anJ on/_\· /a11x11age. suitahle both forevery leve I of representation of common music informatìon 
and for contemporary music representation (i.e., concrete. electronic. and computer music). 

To identify the most suitable description 1001. we have sought a formai tool lhat 

• requires few symbols. 
• has a graphical form of notation. 
• allows hierarchical description. 
• allows the description of MO processing, 
• allows time descriptìon. 
• allows deterministic/nondeterministic models. 
• allows macro defìnitions far common structures. and 
• shows the mu~icìan the score synthesized as the model execution goes on. 

Score modeling by petri nets and a music algebra 

Since 1980 we have heen using petri nets (PNs) as the hasic tool for music description and 
processìng. 1 Other experiments have been carried out by Popeè based on predìcate-transition nets. 
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Throughout our research. we have developed some programs to edit and execuce PNs for both 

music and general-purpose applications. ll1e most recent program we have developed is ScoreSynth, 

where we use PNs for describing. processing. and synthesizing music scores. While we associate 

MOs to piace nodes for describing music infonnation. we associate transfonnacion rules to PN 

structures and PN parameters (marking. numeric labels. algorithms, etc.). MOs may be processed 
modifying the superimposition and juxtaposition laws within PN structure. On the other hand. PN 

parameters allow usto create instances of MOs which modif y themselves according to the behavior 
of PN models during executions. Furthennore. we can represent the same musical inforrnation with 

PNs al a lower or higher leve I of abstraction by means of suitable alternative rncxieling approaches. 
Tue mcxieling of music with PNs makes natural the description of the srructurol level of music as a 
multilevel environment within which MOs may flow concurrently and interactively. The more 

detailed levels of representation (the score and timbre levels) may be tlescribed and/or processed 

depending on user ch01ces. 
lndeed. a PN model with a particular initial marking may represent a family of scores: a 

particular execution of the model synthesizes a specific score. By changing the initial marking of 
the model. we change the family of scores that can be produced by model executions. In a special 
case when we have a fully detenninistic model. we can produce only one score (given a particular 

initial markingJ. 
The following paragraphs discuss the definition and implementation of music objects. petri 

net'ì. and music algorithms within the ScoreSynth system. ScoreSynth has been developed on the 
Macintosh family of computers within the Macintosh Programmer"s Workshop (MPW) develop­

ment environment. 

Music objects 
The meaning of MO. a-; already mentioned. is strictly related to the piace nodes in our 

implementation. By MO we mean not only any sequence of notes but also something more generai: 
something that is not exclusively linked to listening and is not connected with the idea of process. 
because it could last zero seconds. as far as the measurement of time is concemed. For example. an 
MOmay be a contro I command fora sound synthesis devi ce. Ohviously, thcdefinition of MO is partly 
affected by the standard of the music code we use ( MIDI) and must stay within the bounds of this 
standard. Appendix A gives the complete Backus-Naur forni definition of MOs. 

In this section we go through all kinds of MOs. To simplify the explanation. we name. without 
distinction. a piace or its associated MO everytime it is olwious. The reader must keep in mind. 
however. that a placenode and an MO are two very different things. Moreover. we want 10 remember 
that listening to a score happens in a diff erent time !han ics synthesis. that is. the performance of the 
PN models. 

Notes. lf an MO is fonned only by notes (see Figure I). each note must be specilied through the 

parameters necessary for its reproduction through MIDI sound generators. These parameters are the 
MIDI channel (that we can nearly compare with the instrumentl. the pitch. the intensity, and the 

duration. The duration is expressed implicitly. by giving the starting and the ending point of a note. 
We want to remember that the MIDI standard imposes some limitation on the values of these 

pararneters. which we discuss in another section. Literature on the MIDI standard is widely available. 

Merae,·ents. AII the events inserted in the coding of MOs that give generai inforrnation on the 

score but are not direCtly performed because they cannot be coded by MIDI codes belong to thc 
metaevent class. 

Metaevents include the tempo (beats per minute). the base (ticks per quarter note). the time 
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Figure 1. A simple music object (MO). 

signature (4/4. 3/4. 6/8. etc.). and rests. lf there are rests, they must forma separate single MO because 
they cannot ne explicitly described by MIDI codes. 

Tue generai lines of the work impose an intrinsic limitation on the score synthesized by lhe 
execution of a net. Tue first three types of metaevents are not coded directly into the score, but they 
are only a mark of the last modification. Ali MIDI events. which bui Id up the score. have an absolute 
timing reference expressed in multiples of 0.5 ms. For this reason. it is not possible to reconstruct a 
score in traditional notation if there is just one modification, far example. in the time signature. This 
prohlem does not occur when the tempo parameter remains fixed from beginning to end. This 
limitation affects the conversion of a PN model inlo a traditional score. but not the performance of 
the model via MIDI. 

Other MIDI mc•.uages. Ali MIDI messages noi directlyconcemed with anotecan be put in an MO. 
I f the message belongs to the class cha1111el \'OÌCl', it can be put in the note event: i f the messages belong 
to other classes (i.e .. clwnnel mnde, s_vstem common. rea/time, exclush·e), the MO must be formed 
by only one of these messages an<t nothing else. 

Codinx formats. MOs can be coded according to three syntaxes: a coding language unique to 
ScoreSynth. a ponable alphanumeric MIDI coding language. and a coding formar that implements 
the Standard MIDI Files (SMF) I .O format (both type O and I). l11e first format is used intemally by 
the program. The second format has heenchosen forthe sakeofediting tool availability (i.e.,common 
word processors). Tue third fermat has been implemented for file import/export. So MOs may be 
detinedeitherhy acommon text editor ora MIDI controller(a keyboard, a guitar, a microphone. etc.). 

Before executing a PN model. ScoreSynth converts ali the MOs (both ASCII and SMF) into the 
inner MIDI format, the only fermat that ScoreSynth directly works with. lf the originai fil es don 't 
undergo mo<lifications, they can be expelled to make the followìng executions quicker. 

Building a net. the user can decide ifa piace node must have only a contro( role, narnely, without 
any chance to have MOs associated. On the otherhand, the usercan choose if the MOmust be always 
saved on a file (permanent MO) for possible uses at the end of the execution; or kept in the memory 
(volatile MO), and so remain only till the end of the execution. These choices cannot be modified 
during the execution. 

l11ere are two other possihilities for the user. The first is lo redirect ali the MIDI events of an MO 
on a single specified channel among the attributes of the piace lo which the MO is associated. The 
secon<l is to associate an MO to a piace and to set whether it must he executed or it must be subject 
10 following transfoTTTiations. 

Petri net implementation 
A petri net is usually defined by a quadruple <P. T, A, M>, where P is the set of places. T is the 

set of 1ransitions. A is the set of arcs connecting both places to transitions and transitions 10 places, 
and M is thc marking of the net. Our implementati on of petri nets extends lhe "classic" detìnition of 
Petri1 (which is well exemplified with respect to mo<leling features of PNs in Peterson~). so that the 
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Figure 2. Petri net icons. 
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musician can build up hierarchical music models detining MOs and rnusic algorithms (MAs) made 
up of operator expressions. In this way, a petri net is defined by means of the triplet <P, T, A> and 
the following three statements: 

(I) P 3 p 
(2) T 3 t 

(3) A 3 a 

= <idenrijìer, tokens. capacity, MIDI channel, ohject, play.file> 
= <idenrifier. algnrithm> 
= <nndejmm. node-tn, multiplicity> 

Here P is the set of places. T is the set of transitions, and A is the set of arcs. Al so, idenrifier is the 
label of the node ( both piace and transition l: rokens is the number of tokens within the piace. that is, 
the value ofthe marking function M (see below): rnpacity is the maximum numberoftokens allowed 
for that piace; MIDI channel is the number of the MIDI channel where the MO, if eme exists. has lo 
be played: ohject defines whether an MO rnay be associated to the piace or not; play defines whcther 
the object hac; to be played ornot: andjì/e defines whetherthe MO associated to the piace, ifone exists. 
is stored on file or not. In the second statement. a/gorithm defines whether the MA associated to the 
transition. if one exists. has to be executed or not. In the third statement. nodejmm is lhe idenlifier 
of the node 1hat starts the are. nnde-ro is the identifier of 1he node that ends lhe are, and mulriplicity 
is the numeric label of the are. lf a piace has an associated MO stored on file. its idenrijìer represents 
both the label of the node and the file identitìer. 

P. T. and A are finite sets: P cannot be empty. Both ohjects and algorithms have their own syntax 
definitions: they are discussed respectively in Appendixes A and B to this paper. 

The marking of a net is thedistribution of tokens into the piace nodes: theirnumberand distrihution 
rnay change during net execution. A marking function is defìned as the following array: 

where n is the number of places within lhe net. and N is the .set of positive integ:ers and every 
N 3 m; = M (p) with P 3 P;· 

Then. 1he hierarchy of 1he model is described by the set 

S 3 s = <identifier, node-hegin, node-end. rernrsion-le,·el> 

which is the set of hierarchy links.where idenrifìer is the label of the net. nodl'-hl'gin is the 
identifier of the heginning node for the morphism application. 11ode-e11d is the identifier of the 
ending node for the morphisrn application. and rernrsion-/e,·e/ is the leve! of recursion allowed 
forthat net. We discuss how hierarchy and recursion are implcrnented in the ScoreSynth program 
in the sections entitled "Morphisms" and "Recursion." 
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Figure 3. (a) Flrlng inhibitlon due to the capacity ot the output piace. (b) Flring 
conflict due to the capacity of the output piace. 

sets completely describe a panicular net of the model. In other words. a model is fully defined by an 
S set and a'i many triplets <P. T. A> as the number of the nets within the model. 

Petri nets are commonly represented in graphie form. We too use a graphie form of representation 
with the set of icons shown in Figure 2. 

The icons represent ( from left to right) a named simple piace with tokens and capacity attributes. 
a named piace that represents a subnet (see the section on morphisms ). a horizontal named simple 
transition. a vertical named simple transition. a horizontal named transition that represents a subnet. 
a vertical named transition that represents a subnet, and an are with the multiplieity anribute setto 4. 

Thc fìring rnle. The execution of a net is made up of transition firings. A transition may fire if eaeh 
one of rhe input places - that is. places conneeted with oriented ares to Il-,. uansition - has at least 
one token. The transition ti ring has two effects: to decrement the marking of each input piace by one 
token and to increment the marking of eaeh output piace (i.e .. a piace conneeted with an oriented are 
from the transition) by one token. 

In the following paragraphs we see how this basic firing rule is affected by capaeity. multiplieity, 
and timing parameters. This firing rute can be eonsidered as a particularease ot the firing rute we have 
defined for our extended implementation of PNs. From this point of view. we can describe the basic 
firing rule with the following settings: AII multiplicities are equa! to I. ,,11 capacities are infinite. and 
ali durations of transition firings are null. 

After the starting of a net. firings follow one another unti I there are no more transitions which may 
fire. At the end of transition firings. the execution of the net srops. 

Capaciry. Capacity is a feature of piace nodes which defines the maximum number of tokens 
allowed for ea<.:h piace. TI1e capacity feature implies rhat the firing rule previously defined has to be 
modifìed. Conditions of transition fìrings do not change with respect to the input places, while 
transitions cannot fire if the marking of one output piace. at least will exceed its capacity after 
transition fìring; thai is. the marking of that piace added by the numberof tokens due to transiti on firing 
is greater than its capaciry. 

Two simple examples show this concept. In Figure 3a transition ti cannot fire because piace p2 
is marked with as many tokens as its capacity. In Figure 3b only one transition can fire. either t I or 
t2, but noi both. This simple net is a contlict structure. which is nondeterrninistic. 

Mulripliciry. To improve petri nets' descriptive power and promote graphic simplicity. we have 
assumed the multiplicity extension. that is. the ability to add numerica! labels on the arcs. Tue 
multiplicity extension is a partial implementation of self-modifying nets, which were introduced 
by Valk.~ 

Also. the multiplicity feature requires modifications to the firing rule: A transition may fire if each 
one of the input places has at least as many tokens as the numerica! label on the are connecting the 
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Figure 4. An example of transition firing: (a) transition t1 may fire; (b) the 
effect of the firing of transition t1. 

piace to the transition. Tue transition firing now has the following effects: il decrements the marking 
of each input piace by as many tokens as the numerica! label on the are connecting the piace 10 the 
transition. and increments the marking of each output piace hy a'i many tokens as thc numerica! label 
on the are connecting the transition to the piace. Figure 4 shows the behavior of a transition firing 
within a simple net with multiplicity on some arcs. 

Tlming 
PNs are particularly suitable for describing concurrent processes and for controlling their 

synchronization or lack thereof. When a transition may fire. we don '1 know when it fires. and the 
duration of firing is assumed to be instantaneous. When we use PNs 10 describe asynchronous 
models. we have no problem with this f eature. There are no measurements of time within petri nets: 
Il is the behavior of the net that implicitly determines timings. lt is the structure of the net thai 
determines the firing sequence. without respect for their durations. On the other hand, we can 
synchronize MOs simply by the suitable structuring of the nodes • connections. 

Finally. the firing sequence changes among different executions of the net. so there is no 
correspondence between a net and its firing sequence. We can have many transitions qualified 
for firing at the same time, and we cannot know which one fires tìrst: The net does not describe 
this kind of information. So every execution of a PN model may give a different firing se­
quence. 

This feature may seem to be too abstracl for the modeling of real complex systems. Severa! 
approaches are known regarding how 10 describe timed events • durations within PNs. Mosl of them 
represent tirned evenis by means of timed transitions. Our approach associates timed MOs to places 
and their transforrnations to transitions. Both the firing of a transition and the execution of an 
associated MA have a null duration. In this way. when a token is put into a piace with an associatcd 
MO, the token cannot be considered for the firing of transitions connected 10 the piace unti I the 
a'ìsociated MO has ended. 

Consider the nel in Figure 5. There are lwo places wi1h associated MOs: MO A with piace A and 
MO B with piace B. This example is concemed with the duration of processes but noi with their 
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rneaning. MO A lasts I second and MO B lasts 6 seconds. Every token put into piace A is nOl 

disposable for I second: tokens put into places p I and p2 are immediately disposable: that is. the 

:unount of time hetween the tirings of ti and t2 is null. 

I f piace A has one token. then t2 cannot fire due 10 the capacity of piace A: if piace B has one token. 
then Ucan add tokens topi ace B (six is the maximum) when it fires. "Theeffect is that acertain number 

of instances nf MO 8 may nm concurrently. 
Let us analyze some steps of the net execution. Figure 6 shows the marking at time O after both 

t l and t2 firings: we can see thai both places A ami 8 have their own token. so that MO A and 
MO Bare running (sce Figure 7). Al the end of MO A (the shorter oneJ. the token of piace A is 

j: .. ---. 
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Figure 5. Example of timed net. 

t1 e 

t2 

Figure 6. The marking at time O. 

I 
2 3 4 5 6 7 8 9 10 11 

Music Object A 

= Music Object B 

--
time 

Figure 7. MOs started at time O, after t1 and t2 firings. 
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disposable and stans the firing of t3. which starts the second instance of MO B running. At time I. 
one of the tokens of piace p2 lets t2 fire. which starts MO A running (see Figures 8 and 9). 

The firing sequence happens every second in the same way four times. The last firing happens at 
time 5: the complete result of the net execution is shown in Figure l O. 

Morphisms 
Theoretical I itera ture about morphisms and related formai isms i s broad and multi faceted. We I imi t 

our discussion to a particular kind of morphism that seems to be suitable for our purposes: the 
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Figure 8. The marking at time 1, after both t3 and t2 flrings. 
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Figure 9. Running MOs at time 1; new MOs started at time 1. 
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Figure 10. The complete map of the MOs generated at the end of the firing sequence. 
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Figure 11: (8) The net we h8Ve deslgned. (b) The high-level net. (e) The p2 subnet. 

refinement morphisms. Tue hierarchical approach introduced by Kotov 6 is rather close to our 
implementation. Refinements can define very complex PN models by means of simple PNs and 
hiernrchical structures - that is, allowing models to be designed by either a top-down or a bottom­
up approach. A refinement that we cali a suhnet is a PN which gives a more detailed description of 
a node (either a piace or a transition) of the upper leve I of abstraction. We càll that node the "father" 
node and that subnet the "daughter" net. 

lf we choose to de fine a subnet associated to a piace. then the daughter net must have two special 
places: the input piace and the output piace. Input arcs of the father piace are input arcs of the input 
piace of the daughter net: output arcs of the father piace are output arcs of the output piace of the 
daughternet. Transitions can be refined in the same way. An ex ampie of a subnet which refines a piace 
is shown in Figures I la. 11 b. ami I le. 

The conceptual framework of our approach is discussed in Haus and Rodriguez. 7 This approach 
describes a whole complex model as a single large net. This large net may be either the result of many 
refinement steps in the frame of a top-down detailing (see aiso GoguenM) or the starting information 
basis on which we can apply abstractions as many times as we want to implement the hierarchical 
strncture in the frame of a hottom-up modeling (see also Bertoni et ai.9

). 

Recursion 
Recursive nets can also be mode led. Both direct ancl mutuai rccursion are aliowed. In ScoreSynth 

to avoid recursive expansions with no end. we must assign to every recursive net its recursive Ievel 
number. ll1at is to say. we have to specify how many times the net can cali itseif. Figure 12 shows 
anexample. In this model we use a recursive net: pi (Figure I 2b). lf wechoose a recursion leve I equa! 

Start p1 End Input p1 

CD CD-O-@ 
a) b) 

Figure 12. (8) Simple recursion example net. (b) Recursive subnet p1. 
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End 

Figure 13. The result of the expansion 
of piace p1 with recursion levet 1. 

<D 
p1 1f J 1 J j .J 

p2 1f J 1 1 
Figure 14. The two MOs p1 and p2. 
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Figure 15. Elementary PN structures. 



Start p1 End 
a) 

Counter 

p1 

b) CD e) 

Start 

1, J 1 J J J I J 1 J j J 

Figure 16. Two ditterent PNs (a, b +e) for the loop structure and the score 
resulllng from their execullon. 

to I (only one call of a net inside itself), we obtain the expanded net of Figure 13, in which the dashed 
lines rcpresenl thc dele1ed arcs during 1he sequence of recursive refinemenl steps (depth first) that 
give the expansion, and 1he bold lines represent 1he added arcs needed to implement refinement 
morphisms. Input is the input piace of net p l. pi is the output piace of net p 1. Numbers in the small 
squares near the bold lines indicate the step of the expansion in which the arcs are added. Numbers 
in the small circles near the dashed lines indicate the step of the expansion in which the arcs are 
deleted. 

Structuring music objects 
Starting from two simple MOs (p l and p2 of Figure 14 ), we can see the elementary structures in 

Figure 15 necessary to design more complex nets. The places with a name are those to which an 
MO is associated. When a token reaches a piace with an MO. it activates a "process .. that is the 
execulion of che MO itself. TI1is "process •• stays in the runnir18 state forali the duration of the MO. 
In Figure 15 we also show che scores resulting from the executions of the corresponding nets. 

A very special case is the third one. This kind of nel introduces nondetenninism. In this case, 
ScorcSynth dctcrrnines the firing sequence with a pseudorandom uniforrn distrihution. Ali the 
considered elementary struclures can freely be joined to form more complicated PN structures. 

A little more complex structure is the loop structure. Figure 16 shows two possible imple­
mentations. 

Music algorithms 
In this paragraph we brietly discuss how we have implemented the ability to work with MOs in 

ScoreSynth. The main idea is to allow transforrnations of both the parameters of sound (pitch, timbre. 
intensity. and duration) and the order in which notes appear. Appendix B gives the complete Backus­
Naur forrn definition of music algorithms (MAs). 

MAs join wilh transi1ions. lf a transition has an associated MA, when the transition fires the MA 
is applied 10 1hc MOs associateci 10 the input places ami the ou1coming object is placed in ali 1he 
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output places allowed for MOs. During the processing of an MA. it is also possible to use informa­
tion from every ~O available at that moment. We have observed that the modeling of music is ac; 
greatly improved as the expressive power of the formai language adopted if it is possible 10 have ali 
the model infonnation al our disposal. We have studied fonnalisms that allow usto reach ali nodes 
within the model without loss of time. In early research. we have considered an approach similar to 
thai of the statecharts introduced by Harel et al. 10 Then. we have defined a simpler mechanism that 
allows the immediate availability of ali the information of the whole PN model as possible input 
arguments for MAs. 

An MA can be formed by one or more single transformations. Each transformation may affect 
either the notes· parameters or their order. Before making a transition fire. ScoreSynth merges ali the 
MOs in the entrance of a transition. Jt applies the transformation on the single MO obtained and 
a'isociates the outcome of the transformation to each of the output places to which it is possible to 
a'isociate an MO. The transformation can be applied only to note events. Ali the other MIDI 
commands are fihered and lost. 

Metacharacters. constants. and variahles. I f X stands for the object on which the MA is processed 
al the input. the MA can be applied 10 the whole X or just 10 one of its subsequences, chosen by the 
user by the definition of the positions of both the first and the last note. The MA is applied to the range 
of notes which is set in its header, to each note as it occurs. The header also defines the kind of 
pararneterto which the operatorexpression must be applied: pitch. duration. intensity (key velocity). 
MIDI channel. and the order of the affected notes. 

When we draw up an operator expression. we can use metacharacters - that is. special 
characters - which are needed to determine relevant transformations. The implemented 
metacharacters are$.?.!. and %. While $ and % are the same as constants, '! and ! are variable 
quantities. We examine them one by one: 

$ contains the total number of notes in X: 
% contains the tota I numberofnotes in the subsequence of X on which we have defined to operate: 
? contains the value of the parameter. referred to the current note. that we want to change; and 
! is an index that contains the position of the note on which the operator expression works: the 

position value is referred 10 the first note to be changed within the sequence. 

Operators' syntax. As we have already mentioned. the parameters of the sound that we can modi f y 
at the level of MrDI code are pitch. duration. MIDI channel. and intensity (key velocity). 

Without dwelling on the concept of channel in MIDI, we want to explain that a channel stands 
approximately far an available instrument. We cannot directly operate on che characteristics of the 
sound. but only change the channel on which we want to send the notes. 

Tue nucleus of an operator expression is simply an integer expression. that is. an expression with 
operators +( sum ). -{ subtraction). *(multiplication ). /(division ), and parentheses ( ). Tue terms of an 
operator expression can be integers. metacharacters. and alphanumeric pitch codes. 

Here is an example to show a syntactically correct operator expression. with symbols, pitch, 
metacharacters. and integers: 

(2 * C3 / 4 - ?) • ! 

Each of these operatorexpressions must be preceded by a headerthat specitìes to which pararneter 
the operator expression is applied and which part of an MO must be transformed. 

We mention the meaning of each tenninal character that identifies the kind of transformation: 

64 



C (channel) 
D (duration) 
L (loudness) 
M (multiply) 
R (rotate) 
P (pitch) 
I (inversion) 

K <kill) 
S (save) 

Theme 

G) 
Start Alg Theme.mod 

P\ _n _/o\ 
~ 

Figure 17. A simple net with an MA. 

operator on channels 
operator on durations 
operator on intensities 
operator for multiplying notes 
operator for rotating notes 
operator on pitches 
operator for inverting the ordering of notes 
operator for deleting notes 
operator for preserving notes 

To use infonnation about any MO with respect to duration (rhythm). pitch. MIDI channel. and 
intensity. it is possible to specif y the identifier of the MO and the starting note inside it. 

For example. P: I,$. [Theme. I),?+ 2 means that. to compute the new values for the pitches of 
the current MO. the pitch values of the notes within the MO Theme (starting from the first note) are 
used. In this cx ampie. metacharacter? refers to the MO Theme. while $ ref ers to the current MO. 
See Figure 17 fora simple net thai shows the use of such an MA associated to the Alg transition. Tue 
new MO obtained from the transformation of Theme is joined to the piace Theme.mod. 

lf the upper bound of the range exceeds the ordering number of the last note in Theme, then it is 
automatically mo<lified to fall inside the bounds. If the current MO is empty. then not only the pitch 
values of Theme are taken, but also channel. durati on. and intensity values. according to the range 
specifications. 

Operator.( e.mmples. Slarting from an MO. Figure 18 shows some examples of feasibleoperators. 
On 1he left is the operator and on the righi the resulting MO. 

Operators on pitches can even be applied according to scales different from the chromatic one. 
This must be done if we want the outcoming sequence in the same tonality as the beginning one. 
ScoreSynth has the following set of scales on which we can operate: major. harmnnic minor. 
pentaphonic. minnr tlrirds, and Debussy·s whole tones. TI1e third operator, for example. uses a C­
major scale as indicated hy the statement !Cl 

These are the choices made by ScoreSynth when the result of operator expressions goes beyond 
upper and lower bounds: 

• Channel ( 1 .. 16). We obtain the channel with a mod 16 operation. 
• Pitch (0 .. 127,C -2 .. G 8 ). lf the value obtained is more than 127, then we subtract the cardinality 

degree of the current scale as many times as is needed to obtain an allowable pitch value. lf the value 

obtained is less than O, then we must add the cardinality degree of the current scale as many times as 
necessary 10 ob1ain an allowable pitch value. 

• Duration. If it is less lhan O. then it is setto O. 
• /11te11sit_\'. lf it is less lhan O, then it is set 10 O. lf it is more than 127, then it is set to 127. 
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P: 1. $,? + 1 

P: $ - 2, $. 2 * G3 - ? 

PI C I: 1, $, '! + I 

D: 1, $,? * 2 

L: 1. $, ! • (127 / % ) 

L: l,$,(%-!+1)*(127/%) 

I: 2, 5 

R: 2, 5, 1 

M: 2, 5, 2 

K: 2. 6 

S: 5. 7 

"Macro" petri nets 

!The staning MOI 

I • IJ 
1
)j J\iò.bi Jì IJ 1J J I I Tonai transposition I 

, • J j Jj fi ]1 J r r I I Specular inversion I 

I$ J ]! P ], J, J J J I I Degree transposition I 

,. J 1 J J J J 11 I 

I ' J j Ji J) ], J j j I I Crescendo I 

I' J j Ji] JJ J j j I !Decrescendo! 

I ' J JJ J) ]l } J 11 I I Retrogradation I 

I' J ]! J5 ]1 h J j J I I Rotation I 

1f J ) JJ .5 Ji ) ] ] J, J l 1 1 

1, J 11 I 

I' Ji J 1 I 
Figure 18. Examples of operators. 

When we are designing a net model, we often have to create many similar nets, which differ in 
their piace attributes and MAs. but which are identica! in their structures. With a macro net we can 
use just one net a<; the base mcxlel and then modif y its attributcs and/or MAs at our need. So il is also 
possible for the user to create his own libraries, containing commonly used PN models. Appendix C 
gives the complete Backus-Naur forrn definition of macro nets. 

Tue way we cando this is by wriling. forevery subnet piace or subnel 1ransi1ion we want, a modifier 
list for the net. which is loaded into memory and actualized before the execution of the whole 
expanded net. 

An example lhat shows rhe use of a macro nel invoked by a modifier lisi is included in the nel model 
of Figure 19. We choose 10 expand piace p2 using rhe following modifier list: 
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Input: Theme 
mute 
Output: C = 2 
tl:Alg{C:l,$.3 
P: I,$,? + I} 
Alg -> Output = 2 

Score synthesis 

Model execution 

{ change rhe name nfplace "Input" and tell not tn play the 
music nhiect associated to the piace theme} 

{ change the capaciry of piace "Output''} 
{ change rhe name of transitinn "t I" and add an a/gorithm 

cnnsisti11g nf n,·n operators} 
{ chan~e rhe multiplicity ofarc "A/g -> Output" } 

Here we brietly discuss the main steps of the model execution algorithm. Appendix D gives a 
pseudocode version of the algorithm. but first we introduce such a '\:ode" with a natural language 
explanation. 

The main loop is included in the E.rernte procedure. The Execute procedure controls again and 
again the passing from a temporary blocking to the following firings: a temporary blocking happens 
when ali the tokens within a net are in places either with an associated MO or without output arcs or 
with ali output transitions that cannot fire. 

The minimum time interval (DeltaTitne) is computed for every cycle among ali the active MOs 
within which one process at least tenninates. Next. all active processes are executed fora Delta Time 
numher of time units. The variable that represents the virtual clock is increased by Delta Time units. 
and ali terminated processes are deleted from the list of active processes. Execution stops when the 
Firings function evaluates that no transitions have fired and no active processes exist. 

The Firings f unction takes care of transition tìrings. lt simulates again :mct again the execution of 
all transitions either which may fire in the frame of alternative anù/or contlict net structures or which 
may have simple tìrings (i.e .. which don 't helong to alternative and/or conflict net structures). unti I 
there are no more transitions that may tìre. The Firings function retums contro! to the Execute 
procedure when there is a temporary bl<x:k: that is. no more transitions may fire at that time. 

pl 

□-------...~ 
input 11 output 

CD--0----0 
a) b) 

pl 

e) 

Figure 19. (a) The top-level net. (b) The subnet p2. (e) The net resultlng trom the macro expansion. 



The ScoreSynth Executor 
In the Executorenvironment the usercan internet with some window dialogues that we are going 

to describe. Figure 20 shows the main dialogue. lt gives to the user some facilities conceming the 
playback of the generated scores. The usercan contro! up to I0scores in this dialogue andcan modify 
some listening parameters of the current selected score. It wa<; not our intent to design a complete 
sequencer environment. lf the user wants all the features included in any commerciai sequencer, he 
ha<; only to expon the score a-; a Standard MIDI File. 

These are our sequencer features: play. stop. pause. and rewind the song; change the tempo 
velocity in the column named Ve(: start playing the score at different points using the scale under the 

pause button: loop the song from the starting point to the end: and reassign MIDI channels defìned 
during the PN model execution phase to other channels. 

It is also possihle to interact with the execution of the net model invoking the music objects map 
dialogue that we·11 discuss in the next paragraph. 

Music objects map 
A musician trying tocreatea net model suitable forhis purposes may often want to seeon the screen 

how the execution of his model proceeds and the causai relationships between transitions • fìrings and 
score synthesis. that is, MOs appending in the score. In this way. he can stop the execution as soon 

as he fìnds a bug in the model and goto the editor environment to modify it. This is possible simply 
hy running the execution of the model and looking at a graphic window that shows on a time-MIDl­
channel piane the map of MOs a<; they are appended in the score. 

Two possibilities are available: either simply run the execution and look at the growing map. or 
run the execution. while looking at the map. and automatically stop it every time a new MO is createci 
(i.e .. every time a token reaches a piace with an associated MO). 

In the last case. the user who discovers a bug (e.g .. a "Jken gone elsewhere) can obtain ali the 
information about places' and transitions • attributes and make the needed improvements on the 
current model. 

Score Uel Tape O Loop 

Rewind<:J<::) 

Stop D 
Play [;;> 

Pause O o 
.■ II I I I I I I I I I I I I I I I I I 

MI O I Ch1rnnel Mop 

I 2 3 4 5 6 7 e 9 I O Il 12 13 14 15 16 

I I 12 13 14 ls 16 17 le 19 110111 l12113114!1sl16 I 

Figure 20. The Executor window. 
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Figure 21 shows the dialogue that displays in the upper part the nmning execution in a graphic 
fonn. ·nie vertical semi I bar lets the user move on the MIDI channel axis ( I to 16 ): the horizontal serali 
har lets the user move on the time axis. The user can select the time scale opening a dialogue by 
cl icking the "scale" box near the point (O, O). In the lower part, the dialogue shows al I the information 
the user may need to contrai the execution of the net model (all the attribute values of places and 
transitions every time the user stops the execution ). 

Ending remarks 

Our research has shown that music structures within PN models can be transformed simply by 

• modifying markings. MIDI channel specifications, capacitics of places: 

• modifying labels of arcs; 
• modifying MOs associated to places: 
• modif ying MAs associated to transitions; 
• modifying the structure of PNs: and 
• executing nondeterministic PN models many times. 

While the editing of PN structures and parameters affects causal/structural relationships within 
the architecture of scores, the editing of both MOs and MAs affects the basic information units and 
their transformations. The ScoreSynth system seems to be a powerful means for describing and 
processing music. closer to music thinking and perception than common music notation. People 
interested in listening to pieces synthesized by PN model execution can consider the collection 
'"Musiche per poche parti"" hy G. Haus (compact disk Stile Libero/Virgin Dischi. SLCDI 012. Milan. 
1990). Other music productions are currently in work. 

IEEE 
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IO scele 10 20 30 40 50 60 70 so 

( Step ) ( Object ) ( Full map) ( EHit ) 

Pleces: 
• Name: Theme.mod IO 
- Net: Voices ~-
- Music 0bject 
- MI O I stri ng 
- Pley 
- Stert: 91200 sec./2000 
- 6. T: 76800 sec./2000 
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[8J RII Places 

Transitions: 

Figure 21. Object map dialogue with attributes. 
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Appendix A: Music objects Backus-Naur forms 

The following Backus-Naur forms describe the syntax of MOs: 

< MusicObject > 

< MetaEvent > 

< MIDIExBytes > 
< MID!Event > 

< Header > 
< NoteEvent > 
< Pitch > 
< Note+Mod > 
<Note> 
< Channel > 
< Quarter > 
<Offset> 
< Duration > 
< KeyYel > 
< Octave > 
< KeyNumher > 

::= < MusicObject >. < MetaEvent > I 
< MusicObjecc > < MIDIEvent > I 
. < MecaEvent > I 
< MIDIEvent > 
::=Tempo< integer > I 
Base< integer > I 
Signature < integer > < integer > I 
Re.'it < integer > I 
MidiEx < MIDIExBytes > 
::= •• ... an_v sequence of hyres, in hex. according ro MIDI ... " 
::= < Header > Pgm < integer > I 
< Header > After < integer > I 
< Header > Polyp < integer > I 
< Header > Ctrl < intel!er > < integer > I 
< Header > Bend < illleger > I 
< Header > < NoteEvent > 
::= < Channel > < Quarter ><Offset> 
::= < Duration > < Pitch > < KeyYel > 
::= < Note+Mod > < Octave >I< KeyNumber > 
::= <Note> I< Note># 
.. - A I B I C I D I E I F I G 
::= I I ... I /6 
::= < positive integer > { ... depends on .rnng length} 
::= < positive integer > {. .. depends 011 .Base/ 
::= < positive integer > 
::= O I ... 1127 

-2 I ... 18 
O 1 ... 1127 
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Appendix B: Music algorithms Backus-Naur forms 

The following Backus-Naur fonns describe the syntax of MAs: 

< Algorithm > 
<Operator> 

< QualOpl > 
< Qua10p2 > 
< Qua1Op3 > 
< QualOp4 > 
<MusicObjectld > 
< TonalExpression > 
< Tonality > 
< RangeExpression > 

< OpExpression > 

< RangeTenn > 

< OpTenn > 

< RangeFactor > 

< OpFactor > 

::= < Algorithm ><Operator> I< Operator> 
::= < QualOp I > : < RangeExpresston >, < RangeExpression > I 
< Qua1Op2 > : < RangeExpression > , < RangeExprcssion >, 
< OpExpression > I 
< Qua10p3 > < TonalExpression >: < RangeExpression >, 
< RangeExpression > , < OpExpression > I 
< QualOp3 > < TonalExpression >: < RangeExpression >, 
< RangeExpression >, [ < MusicObjectld > , < RangeExpression >/, 
< OpExpression > I 
< Qua10p4 >: < RangeExpression >, < RangeExpression >, 
< OpExpression > I 
< Qual0p4 > : < RangeExpression > , < RangeExpression > , 
{ < MusicObjectld > , < RangeExpression >/ , < OpExpression > 
::= /IKIS 
::= MIR 
::= p 
::= CIDIL 
: := " ... alphan11meric string ... " 
::= [<Note> < Tonality >/I/< Note>/ 
::= m 1-1 t lp 
::= < RangeExpression > + < RangeTenn > I 
< RangeExpression > - < RangeTenn > I 
< RangeTenn > 
::= < OpExpression > + < OpTenn > I 
< OpExpression > - < OpTenn > I 
< OpTerm > 
::= < RangeTerm > * < RangeFactor > I 
< RangeTcrm > / < RangeFactor > I 
< RangeFactor > 
::= < OpTerm > * < OpFactor > I 
< OpTerm > / < OpFactor > I 
< OpFactor > 
::= < integer > I 
< MetaChar >I 
( < RangeExpression > ) 

::= < Pitch > I 
< integer > I 

• < MetaChar >I 

( < OpExpression > ) 

< MetaChar > : := $ I ! I % I ? 
< Pitch > ::= < Note+Mod > < Octave >I< KeyNumher > 
< Note+Mod > ::=<Note> I< Note># 
<Note> ::=AI BICI DI E I F I G 
< Octave > ::= -2 I ... 18 
< KeyNumber > ::= O I ... 1127 



The three integers that forni the headerspecify the MIDI channel to which the event and the instant 
when 1he evenl musi take piace are referred. The tirsi s1ands for the MIDI <.:hannel. The second and 
the 1hird show 1he moment connected with the Base and lhe Tempo chosen. 

For example. if we have chosen Base 24. a header equa! 10 I 2 12 shows that an event must be 
sent on channel I in the middle of the second quarter, namely. after a quarter plus an eighlh. In the 
example at the end of this paper, we give a complete MO coded with respect to this syntax. 

These are thechoices made by ScoreSynth when the values of the Range go beyond the upperand 
lower limits: lf the lower limit is less than I. then it is setto I: if the upper limit is greater than the 
maximum numher of notes in lhe MO. then it is set 10 the maximum value allowed. 
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Appendix C: Macro nets Backus-Naur forms 
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The Backus-Naur fonns lisred below define the symax of moditìer lists: 

< ModifierList > 
< Modifier> 
< PlaceModifier > 
< PlaceOpList > 
< PlaceOp > 
< PlaceAttribute > 
< PlaceSetting > 

< TransModifier > 
< TransOpList > 
< TransOp > 
< TransAttribute > 
< TransSetting > 

< ArcModifier > 
< PTArcOp > 
< TPArcOp > 
< Multiplicity > 

::= < ModifierList > < Modifier> I <Modifier> 
::= < PlaceModifier >I< TransModifier >I< ArcModifier > 
: := < Piace Id > : < PlaceOpList > 
::= < PlaceOpList > < PlaceOp >I< Piace Op> 
::= < PlaceAtttibute >I< PlaceSetting > 
::= play I mute I.file I notfile I obj I notobj I simple I .'ìUbnet 
::= < Newld > I 
C = < Capacity > I 
M= < Token > I 
CH = < Channel > I 
{ < MusicObject > / 
::= < Transld >: < TransOpList > 
::= < TransOpList > < TransOp >I< TransOp > 
::= < TransAttribute > I < TransSctting > 
: := enabled I disabled 
::= < Newld > I 
{ < Algorithm > / 
::= < PTArcOp >I< TPArcOp > 
::= < Place(d > -> < Transld > = < Multiplicity > 
::= < Transld > -> < Placeld > = < Multiplicity > 
::= 11 ... 1240 



Appendix O: The model execution algorithm 

The algorithm listed below is the most abstract leve! of the PN execution algorithm we have 
detined: il is written in Pascal-like code: 

procedure Execute: 

begin 
repeat 

Alocked := NOT ( Firings ); {see thl' Firingsfuncrion hclow} 
if ... 110 music procc.u is acri1·e ... then No_Active_Places := TRUE 

else 
begin 

No_Active_Places:= FALSE; 
comp11tc Or/fa Time for the procr.ues ( 011e or more) rhar terminare as rhe fìrst: 
cxccute ali actil'e proce.ues fora Oe/taTime mm1hcr of rime 1111irs: 
dl'ler,, al/ rerminmed pro<·<·sses Ji·rm1 rhe lisr o( acti1·c processcs: 
increase of Delta Time tmits the rirtual dock l'(Jriahle: 

end: 
until Blocked & No_Active_Places: 

end: 

function Firings: hoolean:{/t refllrns TRUE if ar least one rransirirm(rres} 
begin 

repeat 
creare thc /isr of rransirions whiclt ma_,. lwl'e simp/e fìrings: 
creare rhe list of rransitions which may fìre in the ji-ame 
of altemati1·e andlor cmiflict net structures: 
if ... there exi.w. as the minimum. a tramition which mayfìrc ... then 

begin 
Firings:= TRUE: 
while ... there exist transirinns which are in alternati1·e andlor in rnnj1ict .. do 

else 

begin 
generare a psctulorandom index with uniform disrrihutionfor 
transilio11s which mayfìre in the frame of altematire a11d!or 
co11jlict net srructures: 
exernre the transition witlt respecr ro rhe generated index: 
de/ere ali rhe transirions which are ,w more in altemati1·c andlor 
in crmj1icr from rhe proprr lisr: 

end: 
e.rernrc al/ rransitions which mm· hm·e simp/c jìrings: 

end 

Firings:= FALSE: 
until ... thert' is 110 rransirion which mavjìre ... 

end: 
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For the sake of completeness. let's tai<e a look at the procedure that executes a transition tiring: 

procedure ExecuteTrans( Trans Id); 

{Transld is the identijìer code of the transit/on to he e.recured} 
begin 

if ... transition has an associated algorithm ... then execute the algorithm: 
decrease the marking of input p/aces according to the fìring rule and m11/tiplicities of arcs: 
increase the marking of owput places according w the jìring rttle and m11/tiplicities of 
arcs: 
/or ali outpllf places: 

if .. .piace has an associated MO ... then 
insert the as.rnciated MO in the list of acri re processes: 

end; 
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