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Resumo

Com o sistema UPIC & possivel o desenho de arcos com o mouse ou com uma
caneta eletromagnética sobre um grande quadro digitalizado. Este método grafico
permite a explorago da altura, do andamento, da intensidade, da duragdo e do timbre
no largo e completo espectro audivel, de modo ndo discreto.

O autor construiu, com ondas senoidais, um espectro harmdnico de 24 sons
parciais, em busca de novos timbres evolutivos. Ele estava interessado em trabalhar
com aquele pacote de sons como se fosse um 4tomo com seu nicleo e elétrons em
suas respectivas 6rbitas.

Inspirado no fendmeno fisico da isomeria, quando elétrons saltam de uma érbita
para outra, o autor trabalhou com o espectro sonoro de modo a evitar a existéncia de
sons sustentados: a cada momento um harmonico salta, com um glissando, para um
outro nivel de harménico (6rbita).

Desta forma passa a ser construida uma continua variagfio timbrica, com o
mesmo fundamental ¢ a mesma altura, em que as mudangas dos harménicos com
rdpidos glissandos criam uma textura complexa e imbricada.

SINTESE

A partir dos trabalhos de Frangois Marie Charles Fourier (1772-1837) a conscincia sonoro-musical de
acisticos e miisicos deu Iugar 3 construgdo de um grande e novo tesouro cultural. Qualquer estudo aprofundado
acerca dos progressos cientificos e estéticos influenciados pela série harménica e pela transformada de Fourier
daria lugar a prolixas olas homenageando ndo apenas R. Strauss, Vardse, Koenig e Helmholtz, mas também
Eimert, Schaeffer, Max Mathews, Risset, Chowning e Gabor.

Qualquer compéndio de misica ou de aciistica, desde o mais elementar a0 mais aprofundado, nfo deixa
de abordar a questlio da sfntese sonora sem abordar a questio da andlise sonora. O entendimento de um 6 feito
através do entendimento do outro. A regra dos conirrios ¢ a regra pedagdgica : analisar é "desmontar™;
sintetizar é "montar”. A indefectivel analogia com o prisma, a luz branca e o disco de Newton estd sempre na
ordem do dia.

Mas, depois da informagZo livresca, onde o misico pratica a famosa sfntese sonora? Tal como todos os
compositores de miisica eletroacistica, tivemos sempre acesso 3 sintese "empacotada”, préte-d-porter.
Buscamos durante quase trés décadas a oportunidade de realizar uma verdadeira sintese sonora, artesanal, em que
pudéssemos, usando a série de Fourier, construir um pacote de sons em que cada harmonico fosse disposto, um
por um, a nosso bel-prazer.

Dos livros e dos museus, conhecemos todos as experiéncias do século XIX com os ressoadores de
Koenig para a andlise e as sirenes de Helmoltz para a sintese. Estas experiéncias as lemos, mas nfo as
escutamos.

Para os ouvidos restam-nos alguns exemplos raros, mas insuficientes e precdrios: a faixa de exemplos do
inicio do primeiro disco, em 45 rpm, dos trabalhos de Ernest Krenek, ¢ um dos discos ilustrativos do Traité des
Objets Musicaux de Pierre Schacffer.

Desde os anos 60, por mais sofisticados que sejam os Estidios de Miisica Eletroaciistica, a sintese
meticulosa ¢ cientifica sempre foi impossivel. Os estidios de Mildo, Paris, Utrecht, Bourges, Buenos Aires e
New York sempre estiveram, em suas versdes cldssicas, bem servidos de uma boa quantidade de geradores de
onda senoidal. Mas qualquer experiéncia no dominio da sintese aditiva com sons harmonicos sempre foi feita
"de ouvido”, de modo amadorfstico e imperfeito, por falta de recursos de medigio perfeita. Dentre os estddios
por que passamos, o tnico que dispunha de um freqiiencimetro era 0 do CLAEM do Instituto Torcuato Di Tella.
Assim mesmo, o seu indice de erro era enorme, com uma flutuagdo de 5 Hz no digito das unidades.

O sonho de realizar uma sintese cientifica e auditivamente perfeita foi, assim, longo. A peregrinagio de
estiidio em estiidio, durante os Gltimos 33 anos, foi enfim gratificante, no sentido da realizagfo desejada, quando
de nosso trabalho no UPIC em 1993 e em 1995,
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Critica 2s Sinteses Granulares

Sintese Granular ¢ moda. Ela é antiqufssima, pois que foi inventada por Dennis Gabor em 1946. Iannis
Xenakis a praticou, sem saber, no Centre Bourdan do GRM, em Paris, quando em 1952 construiu uma micro-
montagem com pedacinhos de fita magnética ordenados aleatoriamente, os retirando ao acaso de um_chapéu. .

Hoje a expressdo é moda nos circulos musicais e cientifico-musicais. Imimeras pesquisas e _vﬁnos
artigos sfio divulgados a respeito. A Sintese Granular é es}udada ¢ praticada por toda a cgmumdade de Jovens
pesquisadores e compositores que se embrenham na pesquisa sonora de controles MIDI e "comandos gestuais”.
A nova geracdo fascinada com o Power Glove e com as ferramentas de espacializagiio e tratamento sonoro em
tempo real se dedica 3 Sintese Granular.

Mas a expressdo "sintese”, atualmente, se generaliza de modo indevido ¢ incorreto.  Confunde-se
"sintese sonora" com "composi¢do de objetos sonoros”". Muitos dos programas desenvolvidos atualmente,
anunciados como "Sintese Granular”, t&m como objetivo ¢ resultado a construgfo de "nuvens de pontos”, e niic a
construgfo de um "som sustentado”.

A expressdo "Sintese”, em nosso entender, deve continuar a ser usada exclusivamente para designar o
trabalho de construgfio de um tnico som sustentado, de pardmetros fixos ou variados. A construgiio de
seqiiéncias de sons sai do domfnio da “sintese sonora" ¢ entra no campo da "composigao".

Precisido de Medidas

Em geral sfio poucos os zooms sucessivos que podemos realizar nos programas disponiveis (Pro-Tools,
Sound Designer, Sample Cell, ¢tc), quando trabalhamos com grandes objetos. A possibilidade de "ver" o signo
gréfico representativo do som, en seu detalhe interior, através do "zoom de zoom de zoom de zoom de...", nem
sempre é satisfatéria. No UPIC, com a escolha adequada do tamanho de enquadramento de um objeto, & possivel
a realizagfio sucessiva de dezenas de zooms. Com este procedimento torna-se possivel a leitura ou a escritura de
um "arco”, cuja freqiiéncia tenha precisfo de medida até a segunda casa decimal.

Foi com 0 uso destes varios zooms sucessivos, aliado 2 escolha adequada de uma tabela de freqiiéncias,
que nos foi possivel a medigfo perfeita, até a segunda casa decimal, dos 24 harmdnicos de nosso "som
sintético™. Assim, o primeiro espectro construido, o de um F4# grave, tinha um fundamental de exatamente
92,48 Hz.

" Este trabatho minuciosoe de desenho de um espectro harménico incomodou bastante os técnicos
assistentes do UPIC porque este preciosismo nfio é comum entre compositores, ¢ nunca havia sido pratjcado
naquela mdquina. Este detathismo triplica o tempo de uso normal do estidio. Em geral os compositores
convidados a trabalhar durante apenas uma ou duas semanas no UPIC, ali realizim seus trabalhos "pintando”
curvas variadas diretamente no monitor, através do uso do mouse, em arroubos criativos mais orientados pela
intui¢Bo do que pelo cdlculo meticuloso.

E importante ressaltar o ndmero de harménicos por nés utilizados: 24. Os exemplos cldssicos de sintese
aditiva, divulgados nas antigas gravagtes de Eimert, Krenek e Schaeffer, ndo passavam de 16 harmnicoss, no
méximo.

Transformagio timbrica

Construfdo umi largo espectro harmdnico podemos, e assim foi feito freqiientemente nos estidios
cléssicos, realizar varfagées timbricas através da variagfo continua do parimetro intensidade. Em resumo, o
velho procedimento tem as caracteristicas de uma filiragem, na medida em que o aumento ou a diminuigsio
gradual da intensidade dos harm6nicos resulta na construgfo de um pacote de sons parciais de diferentes formas
dindmicas.

A variagio timbrica nfo discreta de uma forma de onda a outra é bem conhecida de todos aqueles,
egressos do estiidio analdgico, que trabalharam com o EMS ou o Moog, em que um simples botfio de "balango”
transforma continua e gradualmente, uma onda triangular em uma onda quadrada, ou em uma onda dente-de-
serra. '

Nosso objetivo era outro. Querfamos realizar, com o largo espectro harménico, o procedimento que
haviamos usado em 1970 na obra Isomerism para orquestra de cimara. No infcio desta pega as cordas realizam
um cluster de 24 sons com os 12 sons do sistema temperado e suas oitavas. O cluster & permanente, imutfvel
no que concerne s notas que o compdem, mas tem seu timbre variado continuamente: os instrumentos trocam de
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notas cntre si, com glissandos continuos. Assim, por cxemplo, o violino que tocava um L4 3 "glissa” até um Sol
2, enquanto a viola que tocava um Sol 2 "glissa" alé o L4 3.

F “pserhar : B

1

Desenhando a Sintese

Com o UPIC podemos "desenhar” (¢ ouvir) alé 128 arcos simultdncos. A cada uma destas linhas, retas
ou curvas, que se alongam horizontalmente evoluindo no eixo do tempo, podemos associar qualquer pardmetro.
A prética usual de se utilizar o cixo vertical para as freqiiéneias nos permite, portanto, a construgio de um cluster
de 128 notas se a cada linha associarmos uma diferente forma de onda. Mas também podemos constrair um
"som complexo” de 128 parciais, no caso de a cada linha associarmos uma onda senoidal.

O nosso trabalho de sintese, que pretendia se voltar 4 construgio de um som de altura determinada,
optou pelo uso da Série de Fouricr com a simultancidade de 24 sons harménicos, scnoidais. O objetivo final era
a construgfio de uma variagfio timbrica continua, nos moldes da técnica usada com o cluster de Isomerism,
Assim, todo o espeetro foi reconstrufdo com o "desenho” de glissandos de uma horizontal a outra, transformando
o conjunto de paralelas horizontais em um novo emaranhado de retas obliquas que esporadicamente se cruzam.

Poder-se-ia afirmar que tal procedimento nfio deixa de ser uma nova espéeie de filtragem, na medida em
que cada harménico, a cada momento, deixa de existir, com sua "ida" em glissando 2 freqiincia de um outro
harménico. A "filtragem” continua, entretanto, em nada se assemelha 3s filtragens conhecidas: passa-alto, passa-
baixo, passa-banda, dc oitava, de ter¢a, polifonica, em pente, em varredura, etc. Todos os harmdnicos
"abandonados” voltam a existir de momento a momento. Por outro lado, também de momento a momento o
espectro deixa de ser, instantancamente, harménico, na medida em que glissandos (variagdes continuas de
freqiiéncia) ocupam o cspago de tempo entre o "abandono” de um harmdnico € a "chegada” a outro harmdnico.
Nesta ltima afirmagfio é preferivel ser usada uma linguagem simbélica e se falar em "6rbita” ao invés de
*harm6nico”. Assim, um harmdnico abandona sua "6rbita” para, através do glissando, alcangar outra "érbita". O
modelo simbélico se reporta A analogia entre as organizagdes internas de um som harménico complexo ¢ de um
stomo: ambos com suas Grbitas fixas, com niveis de encrgia quantizados. O som fundamental da série
harménica corresponde a0 niclco do 4tomo, ambos com scus campos gravitacionais. Os sons harménicos
correspondem s diferentes Grbitas de cada elétron. O harménico que salla a outro nivel através de um glissando
corresponde ao clétron que satta de uma Grbita a outra.

A velocidade de leitura, no eixo horizontal do tempo, no UPIC, ¢ varidvel & vontade do utilizador.
Assim os "saltos”, em glissandos, podem ocorrer de modo muito veloz, como um portamento, ou de modo muito
lento e gradual.

O resultado sonoro & um som sintético, harménico, complexo, de altura fixa e clara, pois que todos seus
harmonicos estio, bem alinados, constantcmenie presentes, Mas o som sintético adquire um rico
desenvolvimento interno gragas A progressiva variagdo timbrica e as periddicas intervengSes de tramas de
glissandos internos.

jj

Sintese sonora com harmonicos "escorregadios": 24 harmonicos,
com saltos em glissando de uma 6rbita a outra, com o
desaparecimento momentaneo e esporadico de alguns harménicos.
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Transposi¢ies

No menu "Frequency Table”, no UPIC, podemos ter acesso ao window "Define" onde fixamos o
"ambitus” da tabela de freqiiéncias. Assim, com um simples célculo de "regra de trés" podemos, modificando o
ambito da tabela de freqiitneias, transportar o "espectro de harmdnicos escorregadios”, liviemente para cima
(agudo) ou para baixo (grave).

A segunda experiéncia realizada consistiu na construgio de um novo "espectro de harmbnicos
escorregadios” com freqiiéncia de fundamental igual a 100 Hz (harmdnicos: 200 Hz, 300 Hz, 400 Hz, 500 Hz,
.o, 2400 Hz). A partir deste som complexo que corresponde a um Sol# desafinado para baixo, foi possivel
realizar transposigoes a todas as alturas do sistema temperado através da modificagio do "ambitus” da tabela de
freqiitneias. A construgio com fundamental de 100 Hz ndo invalida o trabalho minucioso de medi¢fio exata até a
segunda casa decimal, pois que aqui tivemos o cuidado de desenhar os parciais com 100.00 Hz; 200.00 Hz;
300.00 Hz; etc, isto 6, também com exatidfio até a segunda casa decimal. O tecnicismo apressado sempre nos
estard tentando lembrar que o ouvido humano nfo d4 conta deste preciosismo, mas ndo concordamos com esta
falsa acertiva psicoactstica. Ou serd que o ouvido do autor deste trabalho nfio ¢ humano?

O cslculo que o computador realiza na mudanga de uma tabela de fregiitneias para outra, pode ser
ouvido em tempo real. Dependendo da velocidade da méquina, os saltos graduais, de um espectro a outro, de
cada som parcial, d4 lugar a verdadeira "cascata” de sons que interligam dois espectros.

Estes procedimentos realizamos para a {abricagfio de rico material sonoro utilizado nas obras compostas
no UPIC: "Interlude N® 1 para Olga” (1993) ¢ "Agenda pour un Petit Futur" (1995). O mesmo material sonoro
foi usado cm "Ballade Dure" (GRM, 1995), "Vitraux MCMXCV" (GMEB, 1995) ¢ "La Beauté Indiscréte d'une
Note Violctte (GMEB, 1995).
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Sintese sonora com harmoénicos "escorregadios”: 24 harménicos,
com saltos em glissando de uma 6rbita a outra, com a presenca
constante dos harmonicos 1 e 2 (o fundamental e sua oitava).
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Abstract

The paper describes a music composition language MWSCCS — the Musical Weighted Synchronous
Calculus of Communicating Systems. MWSCCS is a stochastic language based on Tofts’ WSCCS
and Milner's SCCS algebra. Main. features of MWSCCS are its straight-forward approach to
probabilistic execution, the ability for processes to generate musical events autonomously or to
communicate amongst each other, the ability to write prioritized reactive processes, and its concise,
hierarchical set of operators. MWSCCS diverges from the pure WSCCS algebra by introducing
various devices useful for music, for example, a MIDI mappable event space, and stream repetition
for the generation of repetitive melodies and rhythms. MWSCCS’s execution engine consists of
a search mechanism, which replaces the pure algebra’s denotational semantics over streams. The
implementation of the language benefits from the formal semantic definition of the original process
algebra.” The language is implemented in Prolog. Work is under way in creating compositions with
MWSCCS that exhibit interesting chaotic and self-organizing behaviours.

1 Introduction

The perspective of music as a concurrent activity is well established. Music models using Petri nets
(Haus & Rodriguez, 1988; Haus & Sametti, 1992) and algebraic interleaving (Chemillier & Timis, 1988;
Chemillier, 1990) are rooted in the concurrent computation paradigm to different extents. This papers
contribution is to suggest a music programming language based on a process algebra. The process
algebra model considers music as comprised of discrete, concurrent behaviors that can be observed
and reacted upon by musical processes. This can be intuited by considering a smail improvisational
jazz band. A competent musician does not play independently with respect to the rest of the band,
but rather, reacts to musical events and cues from the other musicians. Such cues can range from
maintaining step with subtle tempo drifting, to compositional cues such as the playing of notes that
fulfil melodic or harmonic obligations with the notes played by other instrumentalists. We therefore
identify a musical event as being an observable discrete phenomena that can be observed by others,
and which can ellicit reactions. We identify the ability to observe, recognize, and react to such events
as being an important ingredient to human and computer music processing and composition.

The music programming language discussed in the paper is the Musical Weighted Synchronous
Caleulus of Communicating Systems, or MWSCCS. 1t is an implementation of the MWSCCS process
algebra, enhanced with features useful for music composition. Some benefits of the language include a
concise yet powerful set of basic primitives, the ability to create abstract hierarachical musical systems,

and an intuitive mechanism for specifying complex stochastic behaviours of musical processes.
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The format of the paper is as follows. A brief discussion of the process algebra foundation of
MWSCCS is in section 2. Section 3 discusses the MWSCCS language, and section 4 gives some
example MWSCCS compositions, A discussion concludes the paper in section 5.

2 Process Algebra

An agent or process is an abstract mechanism whose behavior is characterised by discrete actions.
Process algebra are mathematical formalisms for modelling processes. There are many process algebra
in the literature (eg. (Hoare, 1985; Hennessy, 1988; Milner, 1989)), each of which establish different
perspectives and styles for modeling concurrency. Process algebra are effective models of concurrency
because of the high degree of abstraction possible with them, as well as their intuitive “program-
ming language” feel. Along with process algebra, two other algebraic models of concurrency include
Petri Nets (Peterson, 1977) and trace theory (Aalbersberg & Rozenberg, 1988). Although all three
formalisms share much in common - they all define finite automata — they do differ in the nature
of their semantics and subsequent analyses. For example, process algebra tend to be more abstract
and specification-oriented than Petri nets, while the latter describe concurrency at a more intricate
structural level.

The MWSCCS process algebra is described in detail in (Ross, 1995a; Ross, 1995b). MWSCCS
is a musically-extended version of Tofts’ WSCCS algebra (Tofts, 1990), which is in turn a stochastic
version of Milner’s SCCS (Milner, 1989). SCCS (synchronous calculus of communicating systems) is
a process algebra in which processes contribute their visible activity synchronously, or in other words
in unison with a global clock. The algebra also contains operators for structuring process deﬁnitions,
renaming and inhibiting actions, and permitting nondeterministic choices of behaviour. WSCCS add;
to SCCS a mechanism useful for stochastic and reactive control of nondeterministic choice. Finally
MWSCCS adds to WSCCS some denotations useful in a musical context, for example, an event spac;
mappable to MIDI. The algebraic semantics of all these algebra are defined in terms of transitional
rules of inference. Each rule describes the behaviour of an operator in terms of the relation it defines
with respect to a transition over the stream of observable events. A discussion of these rules is beyond
the scope of this paper (please see the aforementioned references). However, it is worth noting that a
transitional inference rule semantics is invaluable for creating a correct implementation for the algebra
ag done in this research.

MWSCCS treats music as a stream of observable discrete events. When applied to music, this
stream denotes the horizontal structure of music — the relative sequential order of events with re;pect
to each other. The vertical component of music — event simultaneity — is naturally denoted by the event
domain of multi-particle actions. A particle is the smallest visible atomic event definable . Multiple
par‘ticles can coalesce to produce an action. When multiple processes synchronously communicate their
actions, their constituent actions are combined to form new actions. The process ab.cd represents two

acti b i
lons, ab followed by cd. Particles have two polarities (eg. a and @), which cancel themselves if they
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coincide in one action. ’1’ is the identity action, and represents silence. '0’ represents termination.

Then the expression
a.b.c.d.0# ab.ed. 1.0 # ab.de.f.0

represents three processes communicating concurrently via the composition operator #. The expression
reduces to aabab.bedde.clf.d00, which in turn simplifies to aaa.bcg.cf.0. Note how the d in the first
term is not generated, because the other two processes have already terminated. The power of this
representation is that it naturally models musical activity. Each particle above can be considered to
be a musical note, and composite notes in turn denote chords. We can colour the notes to denote
particular voices or instruments if desired. A ramification of this musical interpretation is that a whole
composition quits as soon as one process (instrument, voice, musician) quits.

Another useful feature of the algebra, inherited from WSCCS, is its representation of stochastic

processes. In the choice expression,
wlab + 3wled + dwlef.g + Swrh

the first two terms are considered before the last, as their priority value w? is higher than w'. The first
and second terms are selectable with probabilities of 2/(2+ 3) = 2/5 and 3/5 respectively, and the last
terms with probabilities 4/9 and 5/9 respectively.

3 The MWSCCS Language
3.1 The event space

Section 2 introduced particles and actions, and how they coalesce and cancel during synchronous

communication. MWSCCS supports the following event space A:
A = { Generic Actions } U { Music Notes } U { 1,/, -y }

Generic actions are vanilla process algebraic communications, and normally are lower-case constants.
Musical Notes uses notation for identifying standard 12-semitone multi-octave notes. For example, as§
is A-sharp octave 5. In addition, notes can be coloured with a channel (between 1 and 16) and velocity
(between 0 and 255), as in as5 ch & vel 155. In order to map to MIDI events, note actions can be
interpreted as Note On and Note Off messages. In this interpretation, as5 and as5t denote A-sharp On
and A-sharp Off respectively. The action 1 denotes silence. All actions (except 1) have positive and
negative polarities, for example, « and —a. The reserved particle i/ denotes “active termination” of a
process. This termination differs from absolute termination (0) in that the process does not end, but

remains silent throughout the rest of the composition, having become equivalent to a process Silent:
Silent =d = 1.Silent

A process that emits / just before becoming silent is called well-behaved.
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Composite actions are denoted by tuples. The term (¢3, €3, g3} represents the chord C-major. The
language permits simple function expressions over particles, which is useful in concert with parameter
passing. The term f(X + 2) dgnotes the musical note two semitones above note X.

Probability and priority codes may prefix terms. In (F, P)A(Action), F is the relative frequency
and P is the priority. If P is missing as well, the priority is taken to be 1. If F' is missing, then F is 1.
The expression

(2,2)A(as5, ~bf) + (3,2)A(a5, ~bf) + (4,1)A(cB) + (5,1)A(d5)

therefore treats the first two terms as higher priority than the oiher two. Probabilities are assigned as
described in section 2.

3.2 Operators

The language £ of agent expressions over an event space A is defined by the grammar

£ = 0| X | (RP)AaE | B[A| B\A | Blf] | y + By | Bo#E, |
Epet(®) |'E | NrepE | infrep E | (N)
where E,E; € & F,P,N are integers > 0; A are particles; « is an action; f is a particle renaming

function; ¢ is a parameter list; and Eyqpe is a process name. Processes definitions are defined by:
Eper =d= E

The null process 0 is the process that has absolutely terminated. The prefiz operator in o.F
represents the process that can perform the action a, thereafter becoming the process E. The expression
a.0 abbreviates to a.

The permission operator in E[A denotes the process that performs the particles that are members
of the set A. In effect, the permission operator prunes all actions not in A. The restriction operator
in E\A is the converse of permission, except that it lists the actions which cannot be generated by E.
In fact, E\A = E[(A - A).

The relabelling operator in E[f] renames particles according to f, while leaving weights alone. For
example, E[b/a] replaces particle a with b in each action emitted by E.

The choice operator E) -+ E, represents the choice of execution of a set of processes according to
priority and probability prefixes on the terms, as described above.

The parallel composition operator in E # F forces concurrent processes E and F to synchronously
communicate with one another. We let E# F = F # E. If both E and F have no probability or

priority information, then a new action is formed by their combined actions:
aE #bF = ab(E # F)

When prefixes are involved, rules from the MWSCCS algebra describe how to combinate them to create

new prefixes for the results.
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Wherever a process variable X is found, the £ expression bound to it is used. A reference to a
process Ejqper defined with an expression = d = causes that process definition to be invoked, possibly
with parameter passing.

\E denotes the infinite invocation of an expression. E is invoked until it absolutely terminates, at
which time it is reinvoked. On the other hand, inf rep FE invokes E until it terminates, and then
infinitely repeats the stream generated by E. Therefore, | E generates in an indefinite stream of varying
behaviour, while inf rep E gives an indefinite stream of repetitive behaviour.

Finally, the notation (/) represents a delay of NV clock ticks. For example (4), is equivalent to
1.1.1.1. Because compositions usually require lengthy pauses between notes or between note on/off

messages, this notation is very convenient.

3.3 Useful Extensions

Sometimes it is useful to model asynchronous processes. Unlike the processes above, asynchronous
processes may nondeterministically wait or stall before elliciting their observed behaviour. We can

represent an asynchronous process by the following meta-operator:
oP) =d= P + 1.e(P)

Here, P can either execute, or wait. As can be seen in this recursive definition, an asynchronous process
may very well stall forever, although this is statistically unlikely.

The strict sequential execution of musical events is often required. To play sequentially, one
musician’s musical part should end before the next musician commences. A sequential composition

operator “;” is useful for this purpose:
X5 Y =d= (X[/V] # » (~e¥) \{c}

where c is a new particle not generated by X or Y. The ; operator takes two processes X and Y as
arguments, where X must be well-behaved. Here, X will play until it is done, at which time it generates
the termination signal /. This is renamed to ¢ when it is seen, and Y has this same c prefixed to it.
When used with the restriction of ¢, the expression disallows ¢ from appearing. Fortunately, when T is
finally generated by the left-side, it synchronizes with ¢ on the right, and that particle disappears, ie.
(=¢,¢) = 1. Then Y may proceed to play. Note that we do not want X to literally die (reduce to 0),
or else the whole expression will quit, since O#E = 0. Rather, X should be well-behaved, remaining

silently active in order for the whole composite expression to execute to completion.

3.4 Other implementation issues

MWSCCS has been implemented in MacProlog 32 and SICSTUS Prolog under IRIX 5.3 Unix. The

implementation uses a meta-interpreter over MWSCCS expressions. The implementation of various

operators were directly derivable from the transitional inference semantics of the original algebra. The
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utility of this formal semantic specification for the language cannot be overstated, as it permitted the
the quick derivation of a correct and functional implementation.

However, the denotational semantics of concurrent composition # in the process algebra is defined
over an exhaustively complete universe of behaviour. This definition is not suitable for use in the
implementation, since exponential space and time is required for its construction. Therefore,.concurrent
composition is implemented with depth-first inferential search. The advantage of this is the avoidance
of exponential resource usage; the possible disadvantage is inefficient run-time execution search should
an MWSCCS program be ill-structured. This implies that MWSCCS programs should be structured
for efficient execution in mind, rather than rely on the execution engine to find results. The use of

search is, of course, naturally supported by Prolog.
4 Example

4.1 Grammatical composition structure

Using the notion of well-behaved termination, WSCCS can duplicate the expressiveness of regular
grammars, and therefore permits grammatical description of composition (Roads 1979) For example

. i ’ ’
we might like to structure a composition as:

Tune =d= Prelude; Main; Finale

Prelur.ie =d = 2ccdce.\/.Silent + cdcee.\/.Silent
Main =d = FirstPart; SecondPart ; Climaz ; Resolution
FirstPart =d=

2ccdce.FirstPart + cdfee.FirstPart + g./.Silent

Finale =d= d.d.b.d.ceg/
Here, there are one of two possible preludes possible, followed by the main body and finale. FirstPart
has the regular expression form (X + Y)*Z.

4.2 A more complex example

Music =d= ((Melody [z/e5,z1 /ebt,b/+/]
# Ace.1.9(z,e5,) \(a, 5,21, b)) [y/ef5, )/ (ef51), b
# Acc7.9(y, cf5,0)) \ {o,y,yt, b} BRI
Melody =d= (M1; M2); (M2; M1); 0
Ml =d= (2,(11)?)(05(, eb, g5).1.(cbt, ebt, g51, /). Silent
+ (1, 1)A(cf5,ef5, g5).1.(cf51, e f51, g5t, /). Silent
M2 =d= (2, 1)A(c5,ef5,g5).1.1.(05't,ef5T,95T,g\/)..\5'/'L)lefzten

+ (1, 1)A(c5, ef5, gs5).(c5t, ef5t, gsbt, /). Silent

Acc 79, B,m) =d= (1,2)A(—=,+/).Silent
+ (3, 1)A(—a, 8, f(B + 7)).Rel.T9(R, X, 7, )
+ (2, DA(~a, 8, £(8 — 9)).Rel 79(R, X, 9, )
+ (1,0)A1. Acc.79(a, B, )
Rel 79(a, B,7,m) =d= (1,2)A(-m,~at,B, F(B+N1, V).Silent

+ (1, )A(~at, B, £(8 + 7). Ace.7.9(a, 6, )
+ (1,0)A1. Rel.7.9(a, 8,7, )

This example uses both grammatical structure, stochastic nondeterminism, and reactive commu-

nication. It also uses the Note On and Note Off notation suitable for MIDI generation. The main
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musical process is Music, which plays a basic melodic line (Melody) along with two accompaniment
processes (Acc.7-9). Melody uses two subprocesses M1 and M2, which stochastically generate simple
chords. Mussc then uses particle renaming when invoking Aec.7.9, and restricts the renamed particles
50 that they will be invisible to the audience. This style of relabelling of events and restricting their
emmission is a technique used by process algebras to control communication. The calls to Acc.7_9
make generous use of argument passing, to make that process as general as possible.

Acc_7.9 does three things, which are prioritized as follows. Firstly, the (1,2)A term checks if
Melody has terminated, and if so, it quits as well. Otherwise, it checks if Melody has generated the
event a. If so, it chooses to generate either a note 7 semitones higher, or a note 9 semitones lower.
The process Rel.7.9 is used to release the accompanied tone previously generated. Finally, if neither
of the above cases have occurred, Acc.7-9 waits until the next communicated event.

The use of priorities in Acc.7-9 and Rel_ 7.9 serves two purposes. Firstly, they allow the processes
to behave correctly. For example, if we used the same priority value in all the terms of Acc.7-9, it
is possible that the silent waiting term might be selected when in fact Melody has terminated, which
prevents the generation of the note off and termination signal actions. Secondly, from an efficiency
point of view, priorities greatly reduce the need for search. The most critical actions to take have

higher priority and are tried first.

5 Conclusion

Work is under way in using MWSCCS for serious music compositions. One composition being under-
taken uses MWSCCS to simulate self-organizing behaviour. In particular, Tofts’ WSCCS simulations
of ant colony behaviours in (Tofts, 1992) have interesting applications in music. One such MWSCCS
composition exploits autosynchronizing behavior which, in a stochastic setting, generates interesting
cyclic musical activity. MWSCCS will also be used to formally analyze compositions written in it.

A concurrent music language similar to spirit to MWSCCS is the Petri net (PN) language in
(Haus & Sametti, 1992). The similarities and differences between it and MWSCCS are reflected in the
inherent .differences between process algebraic and Petri net models of concurrency (Nielsen, 1987).
Possible advantages of MWSCCS over Petri nets are its more abstract view of musical behaviour, it’s
lean but powerful set of operators, and its intuitive execution semantics. It is also worth mentioning the
similarity between MWSCCS and other conventional music programming languages (Loy & Abbott,
1985), especially those using object-orientation. The main advantage shared by WSCCS and the PN
language in comparison to other music languages are their well-defined mathematical foundation, which
permits direct formal analyses of systems built with them.
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