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Abstract
Despite of thesimplicity of their construction,cellular
automata are capable of very complicated behawitth very
little specification. The present paper introduces an
algorithmic musicsystemincorporating avoting rule type
automatonextendedwith energyprofiles and an elaborate
mapping algorithm. Oneore design principle ishe fusion
of generativejmplicit behaviorwith explicit user designed
symbolic processes, in particular, facing the mapping task.

1. Introduction

Cellular automata (CAxare mathematical models for
complex natural systems containingrge numbers of
simple identical components with local interactions
[Wolfram, 84]. They are discrete dynamical systems
exhibiting awide range oftcomplex behavior; from on the
one handpoint and cyclic behavior yielding structures of
relative periodicity and, orthe otherhand, utterly chaotic
attractors. In between, a whotange of delicate structures
exist featuring areas ofrelative order andinstability. CA
prove instrumental tchandle degrees ofoordination and
evolution; structuralcoherence can be studiedpnsistent
structures mayemerge from initial random states. We
propose to view CA as a qualitative method rtavigate
areas of musical activity.

Earlier musical implementationgonsider one-dimensional
[Beyls, 89] and two-dimensional [Miranda93] automata.
Some program®perate onthe sample leve[Chareyron,
90], while other programs aim the synthesis of structures
the MIDI domainevenwith genetic controlover the CA
lookup table rule [Beyls, 95].

This paper introduces a linear C#ith a voting rule, a
multi pane graphic usemterface and a quite complex
mapping algorithm. The output of a binary CA
interpreted as aultiple value onébased orthe density of
neighboring cells. Inaddition, the user specifies various
control parameterslhus, the result is generativesystem
whereimplicit behavioral wealth ignfluencedthough not
rigidly set by user interaction.

The CA displays many qualities thare reminiscent of
(artificially) living systems,for instance, the synthesis of
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self-organizing patterns; thereation of relativeorder from
random initial configurations. This womxcludesstochastic
processes -- ourimplementation de-emphasizesandom
numbers throughout -- though structuresedeergethat do
not appear to betotally deterministic. This may be
understood as a paradox; it is both the strengthnaadkness
of a system whickexcludes creative chancand has no
motivation tochangeits own rules. In terms of musical
composition,  this method both  accommodates
experimentation with niches of potential neighboring
patterns as well as exploration of the non-linearity of
neighboring rulesFrom this it follows thatthere is no
single best solution, theiser navigatesreas of relative
structural opportunities.

2. Implementation

Our implementation uses two regular lattices of 6 by 64
cells; aBoolean arrayholding the activity of a voting-rule
plus a second array holding an expanded, multi value encoded
version of the former. In contrast to a ruépresented as a
conventional lookup table, we apply a spatial rule; it
consists of a 5 by 5 matrix of weightsed by avoting
algorithm which works as follows. Foevery cell in a
Boolean array,initially filled with random values, the
weightedsum of the localffield of 25 cells is calculated,;
positive weights proportionally increment a local counter of
‘on’ cells while zero valued cells increment a second counter.
This process yields the two counter values wiaadfinally
compared,; if they are equal, 0 is returned, otherwise 1 or 2 is
ireturned according tthe sign of thedifference ofthe two
counters. The two valuesire interpreted as (and 1
respectively in the next generation of the matrix.

Now, this binary matrixserves as théasis for amulti-
valued one by way of a simple loaaperator; in effect, the
opposite action of a smoothing filter ased in picture
processing. The local sum avery cell yields avalue
between Oand 9 using thestandard 3 by 3/on Neuman
neighborhoodand including thecentercell. This value is
used as pointer to select a color in a palette witleritfies;
binary information thusproliferatesinto multiple values
according tolocal spatial densities. Figure firovides a
snhapshot of the main interface showing the two arrays at the



top. The next lower pane shows a piano roll notation of amodel invented by a programmeiith the elusivecultural

events streantreated bythe application of arelaborate
mapping algorithm described in paragraph 3.
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Fig 1: typical snapshot of main interface

field we call music. Somegenerativesystemsare deeply
embedded inmusical traditionand history while other
systems onlyrefer andobey to the virtual physics of some
imaginary world.

For example, some algorithms are active on the surface level
by expressing rules diVesterntonality andharmonization.

In contrast, some systems functiaccording to amusical
relativity admitting multiple points of viewframes of
reference andoperating models, music makingvhich
involves thecreation of entiranusical universesachbuilt

on its own unique assumptions [Rosenboom, 97].

This paper views CA as evolving universes propelled by the
laws of their private physics; laws thaite possibly totally
alien to ourunderstanding ofhe natural universe. The CA
may be interpreted as sound accordingh® following (non
exhaustive) systemic principles: (1) statistem:discrete,
arbitrary linear array functioning as lookup table (2) dynamic
system: continuous, arinvented procedural mapper of
arbltrary complexity, (3) living system a humparformer,

profile; it specifies a determlnlstlc mask quantitatively
controlling the output of the mapping process though it

receives a different interpretation for melody and harmony.
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Fig 2: spatial rule editor specifying weights in a 5 by 5

neighborhood

The spatial rule is accessible for explicit editing ipravate
GUI (see fig 2) by the user; a 5 bygsid holds a weighting
value between -5 and +5. Functions are providegkterate
symmetrical rules or to mutate existing rulesaier to
study the effect of slight mutation.

3. Advanced mapping
3.0 Characterization

By mapping we mean the establishment of a sensiblgyo factors.First,

connection betweetwo areas of activity which creates
meaning to a human or machine perceiver.
Algorithmic composition implies thecreation of a

tonallty, (5) psycho acousucsystem. for instance,
dissonance and its resolution and finally (6) natayatems:
laws of form and proportion i.e. golden section.

Choosing a system has itsonsequencesfor instance,
guantization as inherent in the MIDI protocull severely
limit expressivity. Otherwise, interpretation my a human
performer restricts predictability and repeatability as well.

Since a CA is considered a compldynamicalsystem with
rich behaviorapotential, the mapping algorithm should be
tailored to extract a large series of features,effect a
critical, structural analysis of th&€€A. Thus, implicit
behavior yields a series of expligtalars to baused as
musical process control variables. Note thatdbsign of a
robust mapping algorithnrequires considerablenanual
effort andtrial-and-error;one tunesand debugsthe program
by listening to it.

The present work attempts to introduce measures of quantity
and quality in the mapping process.

By the quantity of control we mean how much influence we
exercise: scalars gaindcbm the implicit behavior of a
generative system (CA here) or explicit user specified
amounts.

The quality of controimight bedescribed as determined by
thenature of thesource from which to
draw rules and constraints. For instance, event pitch or
duration might follow, in a straightforward fashion, from the
XY position plus the value of a CA cell. In thémse, one

qualitative link between some arbitrary conceptual/generativixed universe communicates a simple numeliick to



another. Otherwise, one mayeate numeric relationships
between CAvalues and harmonic alternatives from a
personal catalog, or one magecide to opt for micro-
tonality. A fundamentakultural choicewill thus steer the
result.

A second factor ofqualitative impact on the mapping
process is the complexity of the mapping algorittutmen
viewed as a&omposite conglomerate agstedfunctions of

The energy profile for melodgomes into play; thenergy
value (0 to 100) aeverytime slot simplycreates a vector
from all zeros toall ones indicating a note event or a rest.
Finally, a note is appended only if the value of ¢hement

in the current slice does not equal V&. (or (=i 0) (not (=
v(i) v1))) with (0>i>6).

Clearly, derivation of melody is good example of aybrid
computational strategy; subsymbolic automaliehavior
meets a great deal of symbolic processing.

arbitrary complexity. Perhaps it makes sense to match the

complexity of the CA with a procedural mappiagheme of
similar intricacy. Quality thus also impliesegrees of
understanding; a deterministimapping function yields

3.2 Harmony

As outlined above, we aim a mappingethod which

predictable functionality, however, the specific values cannontegrates strength of contrgblus, more involved, a

be anticipated byhe user. Thisdeaculminates wherthere
is no longer anyperceivablelink, at this point, theuser
loses controlbecause acomplexity barrier is hit; the
program become®o complex todevelopany further or to

gualitative specifier. Harmony is partialppmputedusing a
simple constraint satisfactiamethod in combinatiorwith
an harmonic energy profilspecified bythe user; arenergy
profile can be an arbitrary user drawn shapealternatively,

debug. An important conclusion is that complexity increase# can be a wave-like patterire. valuescomputedfrom a

interestingnesand decreasegredictability/usability of any
mapping scheme.

3.1 Melody

Mapping creates a dynamidime structure, notably

trigonometric function. In either case, the profile translates
to a one dimensional lookup table holding Gdantized
values. Harmony follows from a critical analysis of
individual CA slices in time as well as the (dis)similarity of
any two neighboring slices.

melody and harmony from a static, spatial cellular structurelhe energy profile forharmony operates allows; the

First the melodic component iscomputed from which

harmony follows and finally, additional algorithms are
available to derive conditional parallel voices whigtrrow

material from melody or harmony and interweavi¢h both.

The mapping process starts bgnsidering evergime slice

(6 cells) of the coloencodedmatrix; features areextracted
resulting into nineparameters, in particulagsed for the

determination of pitch;

 Nv is the number of different values (1~6) and,

e Sum is the sum of all slice values (0~54, maighted
according to position),

 Pvl is the gradient of theurrentsum andthe sum of the
previous slice

energy value (0 tal00) ateverytime slot isscaled to a
value between and 63, this becomes a pointer in lést
holding 64 configurations of ®its. However, this list is
sorted according to density of onesthtis containsublists
with total number ofoccurrences of (1 6 15 20 15 6 1) in
that specific order for a summed configuration from 0 to 6.
For example, there are both 15 lists thatd 2 ‘on’ bits as
well as 15 lists thahold 4 ‘on’ bits. Therationalehere is
that high energy values retrieves ‘many on bits’. The density
of the bit vector willcorrespond tdhe selection obpecific
harmonic functions of any given chord.

Now, a list of global constraints magfluence harmonic
continuity. Parameters include: (Ithe number of pitch
classegequired to becommon in themelodic segment and

« Pv2 is the number of different values in the previous slicethe chord, (2)instructions for imposed root movement, (3)

« Acc is an accumulator incremented by (nv - pv2)

« Tonality set as: if (plusp (- sum pvl)) then mirgse
major mode

« Scale is three octave scale with root = acc

« Pitch-offset is a singleyclical list of arbitrarylength set
explicitly by the user.

* V1 = the value of the first element in the current slice.

Event duration is retrieved by a global courgeinting in a
set of usekeditable duratiorlists (modulus the number of
available lists), the specific durationlist in effect is
determined by Nv (which implies th#ttere can be no more
than 6 duration lists).

the required tonal intersection sizebetween any two
consecutive chords, (4the minimum and maximum
harmonic tensionconsidering relative dissonance of all
chordalintervals to be contributed. Aevery instance, a
collection of harmonic alternatives isomputedfrom the
pool of all potential ones which isased orthe following
tonalities; xm7, x7andx7M and their variations:xm5b7,
xm7M and x5#7M. The algorithm is purely firstder, if it
works itself into an impassejther backtracking occurs or
the selectivepressure of a randomonstraint is gradually
loosened until a fit solution is found.

Besidesthe fact that one makes abstraction of conventional
rules of voice leading and voicing, the number of



permutations to articulate lest holding up to 6chordal
components over a givetime slot is astronomical. It
seems obvious to turn to genetiechniques to tackle a
search spacehis size. We actuallymplemented such a
genetic workbench holding 64 arrasig by six arrays,each
array representing annitial randomarticulation. Theidea
was to view thearray as agenotype specifying the
articulation of a given chord.
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4. Conclusion

CA areattractive models for musical experimentation
because they support a wide variety of complexcpsierent
behavior with great computational economy. Work with CA
is a good examplevhereimplicit structural wealtireceives

musical meaning from a mapping process shaped by explicit

design -- ineffect acompositionalmethodwhereautomatic
processesnd directinstruction are in delicatebalance. In
addition, our implementation integrates subsymbolic
automacy with considerablesymbolic computing, most
discernible in the mapping algorithm.

Finally, a CA is also a system whidavors serendipity.e.
finding interesting patternswithout looking for them

Fig 3. collection of genotypes representing articulations of aexplicitly. After all, there is nosingle best solution; the

single 11th chord

The user selects relatively fit genotypewl breedshe next
generationusing the standardoperators of cross-over and

user navigateareas ofrelative interestingnesandprobes a
given area to retrieve exemplary material.

References

mutation. The user identifies families of interesting patterns

by interactively exploring the statspace through the

- Beyls, P. (1995)The exploration ofmusical space by way of

selection - evaluation cycle. Evaluation here implies expliCitgenetic Algorithms|SEA95 Conference, Universite de Quebec,

subjective action by the user which illustratesmajor
weakness of the approach; one has to listen tmdividual
to evaluate. It takes too much tinamd causestoo much
human fatigue to attributimdividual fitnesses; thédea was
not further exploited thougheural networkghat learnuser
preference profiles which can beed inlater sessionsould
be a solution toaddresshis fithess bottleneck. Note that
genetic methods havappeared inmuch music research
recently -- see [Burton and Vladimirova, 99] for excellent
overview.

3.3 Parallel voices

Optional parallel voicesre constructedising a 3-part
parallel rule: two lookup tables holding intervalldfsets
from a parent voice, fdpoth positiveand negativesource
intervals, and acyclic grouping vector, specifying how
many melodic source eventsare taken as a group to
compute theduration ofthe parallel event. Negativentries
in this vector denoterests. Inaddition, a MIDI channel

number is given to specify which melodic events are eligible

to function as source events. Ttreation of parallel voices

. _pr
requiresthe source melody to be segmented, consecutw%n

eventsare groupedinto isolated sublists according to a
critical parameterspecifying the maximundelay between
any two events intended to be perceived as contiguous.

The resulting composite object may be saved as a NI

Montreal, Canada

- Beyls, P. (1989)The musical universe dfellular automata,
Proceedings of thénternational Computer MusicConference,
Columbus, Ohio 1989

- Beyls, P. (2003)Selectionist musical automata)ntegrating
explicit instruction and evolutionary algorithms, IX Brazilian
Symposium on Computer Music, Campinas

- Burton and Vladimirova, (1999 Generation of musical
sequences with genetiechniques Computer MusicJournal,
23:4, MIT Press

- Chareyron, J,(1990 Digital Synthesis ofSelf-Modifying
Waveforms by Means dfinear Automata Computer Music
Journal, 14:4, MIT Press

- Miranda, ER. (1993 Cellular Automata Music; an
interdisciplinary music projectinterface, Journal ofiew music
research, 22:1

- Rosenboom, D(1997 Propositional Music: on emergent
operties in morphogenesis and the evolution of music. Part II;
ponderable formsand compositional methods Leonardo
Music Journal nr. 7

- Taube, H.(2003) Notes from themetalevel, Zwets and
Zeitlinger Publishers, Holland

or imported for further treatment or analysis in a companion

workbenchdocumented in[Beyls, 03]. All programs are
implemented in MacintosiCommon Lisp and use MIDI
functionality provided by Common Music [Taube,03].

- Wolfram, S. (1984) “Universalityand complexity in cellular
automata”, in Physica D, volume 10, pp. 1-35



