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Abstract

This paper focuses on issues concerning musical composition practices whereby the
emergent behaviour of cdlular automata is used to modd generdive processes for
synthesised sound and musical forms. We introduce two cdlular automata: based systems,
Chaosynth and CAMUS, that we have designed for our investigation and discuss their
performance and role in the compogtion of a number of professona pieces of musc.
Chaosynth is a granular synthesis system whose parameters are controlled by a variant of a
cdlular automaton that has been used to modd Belousov-Zhabotinskii chemicd reactions.
CAMUS is a compostion system that takes advantage of the pattern propagation
properties of cdlular automatain order to generate musica forms.

1 Introduction

In this paper we suggest that the discussion as to whether or not computers can compose music is no
longer relevant: computers can compose if programmed accordingly. Perhaps the grestest achievement
of Artificid Inteligence to dete lies in the construction of machines that can compose music of incredibly
good qudity indeed;, Cope's EMI system comes to mind here (Cope 1991). It should be noted,

however, that these Al systems are good a mimicking well known musica syles. They are either hard-
wired to compose in a certain style or are able to learn how to imitate a syle by looking at patternsin a
bulk of training examples. Such systems are therefore good for imitating composers of musica styles
that are wel-established, such as medieva, baroque or jazz. Conversdy, issues such as whether

computers can create new kinds of music are much harder to study, because in such cases the
computer should neither be embedded with particular models at the outset nor learn from carefully

selected examples. Furthermore, it is hard to judge what the computer creates in such circumstances
because the results normally sound very strange to us. We are often unable to judge these computer-
generated pieces because they tend to lack those culturd references that we normally hold on to when
gopreciating mugc.

One plausible approach to these problems is to program the computer with abstract models that
embody our understanding of the dynamics of some compositiona processes. Since the invention of the
computer, many composers have tried out mathematical models which were thought to embody musical
composition processes, such as combinatoria systems, stochastic models and fractas (Dodge and Jerse
1985; Xenakis 1971; Worrd 1996). Some of these trids have produced interesting music and much
has been learned about usng mathematica formalisms and computer models in music compostion. The
potentid of Artificid Life moddling is therefore a natura progresson for computer music research. This



paper introduces and discusses two systems that we have designed for our investigations. Chaosynth
and CAMUS. Whereas the former employs a cyclic, sdf-organiang cdlular automata to control a
sound synthesiser (Miranda, 1995; 1998), the latter uses a pattern propagation type of cdlular
automaton to generate musicd structures (Miranda, 1993, 1994; McAlpine et al. 1999).

2 Background

The mathematica basis for the concepts described in this paper can be found in Cood's classic book
Cellular Automata (Cood, 1968). In short, cellular automata are normally implemented on a computer
asaregular array or matrix of variables, or cells, which normally can have one, two or three dimensions.
Each cdl may assume vaues from a finite set of integers and each vaue is normdly associated with a
colour. The functioning of such an automaton is monitored on the computer screen as a sequence of
changing patterns of tiny coloured cdls, according to the tick of an imaginary clock, like an animated
film. At each tick of the clock, the vaues of dl cdls change smultaneoudy, according to a set of
trangtion rules that takes into account the values of their neighbourhood. A wide variety of cdlular
automata and trangtion rules have been devised and adapted for a variety of moddling purposes in
different areas from Physics and Biology to Chemistry and Socid Sciences. Cdlular automata have
attracted our interest here because of thelir organisation principles. We are particularly interested in
those cdlular automata that display cyclic behaviour, self-organisation and/or pattern propagation
properties. A further discusson on the importance of these properties for music is introduced in the
author’ s latest book Composing Music with Computers (Miranda 2001).

By way of related work we cite an early attempt at a cdlular automata-based sound synthesis system
described by Hunt and co-workers in a paper presented at the International Computer Music
Conference in 1991 (Hunt et al. 1991). Also refer to the work of Bilotta and Pantano presented at this
workshop.

3 Controlling the evolution of complex soundswith Chaosynth

For our investigation into cdlular automata sound synthes's we selected the granular synthesis technique.
Granular synthess is essantidly a time-based synthess technique (Miranda 1998): it works by
generating a rapid succession of very short sound bursts cdled granules (e.g., 35 milliseconds long) that
together form larger sound events (Figure 1). This synthesis technique can be metaphorically compared
with the functioning of a motion picture in which an impression of continuous movement is produced by
disolaying a sequence of dightly different images a a rate above the scanning capability of the eye.
Granular synthesis bears a close resemblance to neo-impressonist painting, whereby entire pictures
were produced using smdl touches of unmixed colour, as if the intention of the artist was that colours
should mingle in the spectator’s eye, rather than on the painter’s paette (Figure 1). The sounds from
granular synthesis tend to exhibit agreat sense of movement and flow.

Chaosynth is a cdlular automata: based sound granules generator, whereby each granule is represented
by a specific configuration of a cdlular automaton. In this case, a set of trangtion rules F determinesthe

evolution of the sound granules, as the propagation ¢'*! = F(c') evolves.



After a number of experiments, the cellular automaton ultimately chosen for Chaosynth is ChaOs (an
acronym for Chemical Oscillator). ChaOsis our own variant of a cdlular automaton that has been used
to model the behaviour of a type of cataytic chemica reaction known as Belousov-Zhabotinskii
reactions (Scott 1989). In our case, the cdllular automaton models the way in which most natural sounds
produced by acoudtic ingruments evolve: they tend to converge from awide distribution of their partials
to form oscillatory patterns.
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Figure 1: The unmixed rapid succession of short sounds of a granular synthesiser minglesin the ear of the listener
(Ieft) in the same way that the unmixed small touches of a neo-impressionist painting mingle in the eye of the
spectator, asin Van Gogh’ s paiting Olive Trees (right).

ChaOs can be thought of as a matrix of cdls containing identical smple eectronic circuits, whose
behaviour could be compared to that of an artificial neurone, or perceptron (Hertz et al. 1991). At a
given moment, the cdls can be in any of the following sates. polarised, depolarised or collapsed. The
modd embodied by this automaton can be described as follows: a cdl interacts with its neighbours
(normaly eght neighbours) through the flow of eectric current between them. There are minimum V.
and maximum V, . threshold values which characterise the state of a cdll. If its internd voltage V, is

under V_. ., then the cdll is polarised. If it is between V.. (incdlusve) and V,, vaues then the cdl is
depolarised. Each cdll has a potentia divider, composed of two resstors R, and R,, whichisamed a
mantaning V, below V.. But when it fals (i.e, when V, reachesV,,,) then the cell becomes
depolarised; the higher the value of V., the more polarised is the cell. There is an eectric capacitor k
which regulates the rate of depolarisation, but once a cell is depolarised, the tendency is to become

more and more depolarised. When V. reaches V,, the cdl collgpses. A collgpsed cdll at time t is

automatically restored to a polarised state a time t+1. The automaton tends to evolve from an initid
random distribution of states in the grid of cdlls towards an oscillatory cycle of patterns (Figure 2).

Assume a discrete set of n states j |, such that n 3 3. The definition of the states of the cells can be
formalised as follows:

If\/l <Vmin thmj 0
ifV,3V,,adV, <V _,thenj ,wheeO<p<n-1



If\/l 8 Vmax thmj n-1

In practice, the state of the cdlls is represented by a number between O and j - 1, where | isthe
amount of different states that a cell can assume (remember that, in theory, | can be equd to any

integer higher than 3). All states in between exhibit a degree of depolarisation; the closer the cdl’s Sate
vaduegetstoj - 1, the more depolarised the cell becomes.

Figure 2: From aninitial random distribution of statesin the grid of cells (Ieft), ChaOs usually evolvesto form an
oscillatory cycle of patterns (right).

The sat F is defined by three rules, smultaneoudy applied to each cell, selected according to its current
date, asfollows:.

if polarised: The cdl a may or may not become depolarised at time t+1. This depends upon the
number of polarised cdls P and the number of collgpsed cells C in its neighbourhood (normdly 8

xeP0 eCo
neighbours), and the resistance of the automaton to laiseitscdls | ' (a) = S+ =
g ) depol /R C)) g@ gm

if depolarised: The tendency of a depolarised cell a is to become more depolarised as time elapses.
The rate of the depolarisation depends upon the vaue of the capacitance k of the nerve cdll and the

degree of depolarisation of the neighbourhood: j *(a) = ge%%r k, where S is the amount of

neighbours considered.
if collgpsed: j ***(a) =j ,, that is, acollgpsed cell at timet becomes polarised at time t+1.

Once implemented on a computer, the behaviour of ChaOs is determined by setting up the following
parameters.

the dimension of the grid (i.e., the total amount of cdlls a)
thenumber of | cell Sates

the neighbourhood S



theresstors R, and R,
the capacitor k

3.1 How can a configuration of cellsrepresent a sound granule?

Each sound granule produced by Chaosynth is composed of severa patids and each partid is a
snewave produced by an oscillator (in fact, we could use any other waveform here, but for the sake of
amplicity for the experiments we have used only snusoids). An ostillator 0" needs three parameters to
function, namely frequency (f,), amplitude (n,) and duration (d,) of the partials. ChaOs controls
these parameters as follows. the states | of the cdls are associated with frequency and amplitude

vaues and a number of ogdllators o"are aswocisted with sub-sats of cdls (eg.,
o' ={a',a’,a’,a'},o” ={a’,a%,a’,a’}, etc.). An example of agrid of 400 cells associated with 16
oscillators of 25 cdls each is shown in Figure 4. Each sound granule therefore results from an additive
gynthesis process whereby dl oscillators smultaneoudy produce snewaves & each configuration
c®,c',c?,...c"of ChaOs cdls (Figure 3). The frequencies and amplitudes of these sinewaves are
determined by the arithmetic mean over the frequencies and amplitude vaues associated to the states of
their corresponding cells (Table 1). Matheméticaly, the frequency F." and the amplitude Amp;" values
for each signd generator i during configuration c" are determined by the arithmetic mean over the
frequency and the amplitude vaues associated with the states of the cdlls of their corresponding sub-sets
of cdlsduring thiscyde:
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where f)' and p] are the frequency and amplitude of cdll a during configuration ¢" and A is
the total amount of cells in the subset. The total duration of a sound is given by the tota number of
configurations and the duration of the individud granules;, for example, 100 configurations of 40
millisecond granule would result in a sound event of 4 seconds duration.
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Figure 3: Each configuration of the cellular automaton generates a sound granule.

The duration of a whole sound event is determined by the tota number of configurations that the
automata produces and by the duration of the individua granules. For ingtance, 100 configurations of 30
millisecond granules each result in a sound event of 3 seconds duration. The duration of the individua
granulesis set beforehand and it can vary according to alinear function.

Cell state Value Colour Frequency Amplitude
m, 0 white 110 Hz 0dB
m, 1 red 220 Hz -3dB
m, 2 blue 330 Hz -6dB
m, n-1 [(n) f(n) p(n)

Table 1. An example of frequency and amplitude allocations to cell states.

[

Figure 4: An example of an arrangement of oscillators associated to cells.

3.1 Commentary on theresults

The cdlular automaton generates sound whose morphologica evolution resembles the morphologica
evolution of sounds produced by most acoudtic instruments. their partias converge from a random
digtribution to oscillatory patterns. The random initidisation of the states in the grid of cells produces an
initid random didribution of frequency and amplitude vaues, which tend to settle into an oscillatory
cycle.

We have synthesised sound using up to 64 different states,{j ,.j ,,...J .} » thet is, up to 64 different

frequency and amplitude vaues, and up to 64 oscillators on grids of up to 4,000,000 cells. The results
tended to exhibit a great sense of natura movement and flow, and yet, most of these synthesised sounds



are not readily found in the “real” acoustic world. Some results bear remarkable resemblance to the
sounds of flowing water, birds, frogs and insects.

Vaiations in tone colour are achieved by varying the st of frequency values associated with the
different cell sates. For example, if the frequency set contains vaues lower than 200 Hz, then the result
will be a sound in the lower band of the audible range. Conversdy, if the set contains frequencies above
800 Hz, then the result will be a brighter sound in the higher band of the audible range.

The sze of the grid and the amount of cedlls per oscillator are largely responsible for the degree of
granularity of the spectrd variation: a larger number of cdls per oscillator produces finer granulation
effects, whilst asmaller number produces coarser granulation effects.

The length of the individua granules dso plays a key role in the overdl result. The acoudtic effect of the
vaiation of the length of the individua granules can be summarised as follows: very short lengths (about
35 milliseconds) produce textures of sparkling bubble-like clouds, whereas greater Iengths (about 800
milliseconds) produce sequences of sound strokes; lengths above 1 second produce sequences of
musica notes of varying timbres.

Different rates of transition from random to oscillatory petterns are obtained by changing the vaues of
theresstorsR, and R,, and the value of the capacitor k of the cellular automaton.

The author used Chaosynth to generate sounds to compose Olivine Trees, a prize winning
electroacoustic composition composed at the Univerdty of Edinburgh’s Pardled Computing Centre and
Faculty of Music. Olivine Trees was recently featured on the BBC Radio 4 Nature programme,
presented by Mark Cowardine, as an example of evolutionary music modelling (14 May 2001).

4 Propagating musical pattern sequenceswith CAMUS

In a previous paper we demonstrated how music can be thought of as a form of pattern propagation
(McAlpine et al., 1998). Music can be appreciated a many different levels. Whilst for some it is
aufficient that a composition possesses a pleasant melody that can be hummed along to, others may be
more concerned with the tempord development of the piece: how initid sound Structures evolve from
their introduction through to the work’s conclusion, and so on. For example, we may view each theme
or motif in a compogtion as a separate pattern. As the compodtion progresses, the patterns are
subjected to certain transformations, such as trangpostion, inverson, augmentation, and so forth,
according to the formal structure that the composer chooses for the work. This structure can be rigidly
adhered to or used as agenerd guiding principle, but as long as certain design condtructs are in place to
guide the tempora development of the compostion, we can say that we have a system of pattern
propagation according to some predetermined congtraints.

We have devised a number of experiments in order to study whether cdlular automata that exhibit
pattern propagation behaviour could be used or adapted to model the propagation of musica patterns.
These experiments culminated in a system, named CAMUS (short for Cdlular Automata MUSIC).
CAMUS uses two types of cdlular automata: the classc Game of Life devised by John Horton
Conway, and Demon Cyclic Space, designed by David Griffeath (Dewdney, 1985; 1989). In this paper
we will focus only on the role of the former.



The Game of Life cdlular automaton conssts of a matrix of cdls, which can exig in two dates dive
(represented by 1) or dead (represented by 0). The origina transition function devised by Conway to
determined the evolution of the automaton can be summarised in two smple rules that are gpplied
smultaneoudy to al cdls of the matrix:

if acdl isdead a atime t, it comes dive a time t+1 if it has exactly 3 neighbours (out of a
neighbourhood of 8 cdls) dive

if acdl isdive a time t, it becomes dead at a time t+1 if it is has fewer than 2 or more than 3
neighbours dive

CAMUS implementation of the Game of Life alows for the specification of rules other than Conway’s
origind rules. In mogt cases, an initid configuration of live cdls may ather grow infinitdy, fdl into a
cydlic pattern sequence or eventudly die of (Figure 5).
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Figure5: The Gameof Lifein action.

4.1 Cdlular automata music modelling

CAMUS uses Cartesian space in order to represent musicd triplets, amusicd triplet in the context of
this research is a st of three musice noteﬁ{A, N, D} . The space has two dimensions, where the
horizontal co-ordinate represents the distance between A and N, and the vertical co-ordinate represents

the distance between N and D. These distances can either be expressed in terms of half-tones (i.e,
semitones) or quarter-tones, in this paper we use haf-tones for dl examples (Figure 6).
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Figure 6: CAMUS represents musical tripletsin Cartesian space.



The muscd mode is defined as follows consder the atomaon {M,m,f}, such that

M :{rrb,rq} , where m, =0and m, =1. Let P and Q denote ses of integers such that for dl
pl P corresponds to the vaues of the horizontal co-ordinate and for dl g1 Q corresponds to the
vaues of the verticd co-ordinate of the matrix of cdls. A configuration P~ Q® M therefore
defines a set of triplets in two-dimensional Cartesian space, such that {aT P’ Q|rr(a) 1 mo} isfinite

A st of rules F drives the production of configurations of triplets (Figure 7). In this case, the
propagation of configurations can be consdered as a kind of macro organisation of musica forms in
time,

- " g

1
-

if------%
v

of---

Figure 7: Each configuration of the Game of Life automaton produces a number of triplets.

To begin the compaositiona process, the system is set up with a starting configuration. At each time-step,
the co-ordinates of each live cdl are anadlysed and used to determine atriplet. For example, in the case
of Figure 7, the cdl at co-ordinates (5, 5) is dive, and thus condtitutes a triplet. The co-ordinates (5, 5)
describe the distances between the notes of the triplet. Assuming that a fundamenta note A isgiven (itis
not important here to know where this notes comes from), then the closest note N will be five semitones
above the fundamentd, and the furthest note D will be ten semitones above the fundamentd (i.e, five
semitones above N). By default, cells are played from Ieft to the right and from top to bottom, but the
user can change this order.

Once the notes for each cdl have been determined, the states of their neighbouring cells are used to
cdculate the reative sarting time and duration of each note of the triplets, according to a time
representation scheme called AND-code (Figure 8).
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Figure 8:The time representation scheme used to shape the temporal relationship between the notes of atriplet.



In order to determine the AND-code of a cdl a(p,q), CAMUSfirdly buildsalig S= [sls2 sa]

containing the gtates of the 8 neighbouring cdls. Next, the system establishes four 4-bit words from S
according to the following scheme:

W, =555,
W, =5555
W; = 5555
W, = 55,55

The format of the AND-code is Tgg + Dur and it has 8 bits. The Tgg part of the code corresponds to

the triggering time of the notes of the triplet and the Dur part correspondsto their duration. The system
performs an ‘inclusve or’ operation to compute both parts of the AND-code as follows:

Tgg=w, Uw,
Dur =w, Uw,

Each hdf of the codeisinferred by means of the following criterion:

0000 = a[dn]
0001 =[dna]
0010 = adn
0011=dna
0101=and
0110 = dan
0111=nad
1001 =d[na]
1011 =nda
1111 =n[da]

where a denotes the fundamenta note of the triple, n the middle note and d the upper note. The
letters within square brackets indicate Smultaneity of events.
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Figure 9: An example of atime-template for the spatial organisation of atriplet. The horizontal axis representstime
and the vertical axis pitch.



As an example, consder again the case of cdl (5, 5) in Figure 7. Firdly the system forms thelist S= [0,
1,1,1,0,0,0, 0] according to the state of its neighbourhood. Then, the system matches 0111 with w;

for caculating Tgg and 0000 with, say, w; for cdculating Dur. The AND-code for this cdll therefore

vaues 0111000. The abstract time-template for the internd organisation of this cdll’ s triplet therefore is
nad ® a[dn] (Figure 9). The actua trigger and duration vaues in seconds are cdculated according to

a complementary procedure that is not essentia to understand at this stage. An example of a musica
passage that could be generated by this single cdll isillugtrated in Figure 10.

4.2 Commentary of CAMUS

CAMUS deds with musica forms a two levels: @ the leve of the internd organisation of the triplets
and a the levd of the externd organisation of the triplets in time. Whilgt the internd organisation of a
triplet is largely dictated by the AND-code, the macro-organisation leve is controlled by the Game of
Life cdlular automaton (and by a few other mechanisms of secondary importance that are not discussed

in this paper).

Despite the arbitrariness of the musica representation embodied by CAMUS, we have come to
conclude that cdlular auttomata are gppropriate for generating musica forms. We observed that
CAMUS can produce interesting musical sequences. Indeed, a number of professona pieces have
been composed using CAMUS-generated sequences, such as Entre o Absurdo e o Mistério, for
chamber orchestra (Miranda 2001) premiered by The Chamber Group of Scotland in Edinburgh (UK)
and Grain Streams for piano and eectroacoudtics, premiered by pianist Jerdme Vet in Annecy
(France). Both pieces have been performed and well-received at other public venues.
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Figure 10: An example of amusical passage generated by a single cell using the template portrayed in Figure 9.

5 Resaults

The results of the cdllular automata experiments are very encouraging. They are good evidence that both
synthesised sounds and abstract musicd forms can be successfully modelled using cdllular automata. It
should be noted however that it is not our primary am to modd exising musical sylesor mimic exising



acoudtic musical insruments. Rether, we are looking for globa principles governing both exigting and
would-be (after Casti 1997) musica forms and sound.

Chaosynth and CAMUS should be regarded as two successful case-studies and good starting points
for further experimentation. Perhaps the next step would be to integrate both types of systems in order
to study the relaionship between abstract musical forms and the micro-organisation of their contents (in
this case synthesised sounds) within the context of cdllular automata

In generd, we found that Chaosynth produced more interesting results than CAMUS. We think that this
might be due to the very nature of the phenomena in question. The inner Structures of sounds seem more
susceptible to cdlular automata modeling than larger musical structures. As music is primarily a cultura
phenomenon, in the latter case we need to think serioudy about employing modeling techniques that
take into account the dynamics of socid interaction and culturd evolution; eg. (Bull et al. 2001). In this
case, we might need to gpply modd ling methods where phenomena (in our case, musicd styles) emerge
autonomoudy from interactions of a population of agents. We are currently investigating this possibility
(Miranda 2000).

Chaosynth is available for Windows and Macintosh platforms, and is manufactured and distributed by
Nyr Sound: <http://www.nyrsound.com>. CAMUS is freeware and there are two versons available,
one of which uses three-dimensond cdlular automata (not discussed in this paper). Both versons of
CAMUS were implemented for Windows platforms by Kenny McAlpine, formerly of Glasgow
Univergty. Both versons of CAMUS are available on the accompanying CD-ROM of the author’s
latest book Composing Music with Computers (Miranda 2001).
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