CHAPTER 1: 
CELLULAR AUTOMATA

WHAT IS CELLULAR AUTOMATA?

Cellular automata exist in discrete time and space, as computational arenas of discrete cells, each containing a value from a finite amount of available cell states.  All cells undergo a parallel transition rule, determining their state in the following time-step; this is governed by the states of the cells’ nearest neighbours.   The most notable aspect of CA is the complexity of emergent behaviour, based on the simple logic transition rules applied per cell.
HISTORY OF CA

JOHN VON NEUMANN AND STANISLAW ULAM
During the mid-to-late 1940’s, John von Neumann (1903-1957) was working on a computational model called Complicated Automata in the study of the reproduction of life, for research into self-replicating machinery;  though it was during later work on the subject with Stanislaw Ulam (1909-1984) that Cellular Automata were conceived.  Ulam introduced the idea of using an infinite cellular lattice, (a technique he had used to study the growth of crystals) to hold finite states in which von Neumann’s automaton could progress.  These states represented the elementary units – the parts of the aggregate machine in reproduction. The cells of Ulam’s infinite lattice grid gave clarity to what Von Neumann had previously described as a reservoir of floating elementary units (von Neumann, 1949). The notion of the CA neighbourhood was also formed at this time as explained by Ulam:
“Given is an infinite lattice or graph of points, each with a finite number of connections to certain of its "neighbors". Each point is capable of a finite number of "states". The states of neighbors at time tn induce, in a specified manner, the state of the point at time tn+1.” 

 Stanislaw Ulam, 1950

This work led to the creation of the von Neumann universal constructor; a 2-dimensional, 29-state cellular automaton capable of making copies of its original state. (Fig.1.1)
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Fig. 1.1a
Von Neumann universal constructor

Fig. 1.1b[image: image2.png]



Replications of the constructor
By this time, the structure of CA was intact; an infinite 2D cellular lattice, each cell holding one of k states.  Each discrete time-step begins the parallel processing of each cell, taking into account its neighbours’ states at time t, to set the cells value in time t+1.  Using the Wolfram notation method (Wolfram, 1984), the parameters of an automaton are described as follows:

· t= Time

· k = States

· r = Neighbourhood radius

· Tn = Transition rules

· n, m = lattice dimensions (in a finite simulation)
JOHN HORTON CONWAY
Further important discoveries beyond the work of its founder mathematicians came in 1970 from John Horton Conway: The Game of Life CA rule set (Conway, 1970).  Even by this time, Conway was still running the CA systems by hand, using an Othello board as a lattice, and the games tiles to represent the cellular states.  It was from this work, however, that scientists and mathematicians with access to computer systems took an interest in CA - through the publication of Conway’s Game of Life in the October 1970 issue of Scientific American. (Martin Gardner, 1970).  This new interest spurred many variations on Neumann’s original automaton, and much research into uses of CA, proving it to be Turing-complete: capable of processing any calculation that can be expressed digitally (Wolfram, 1983).  The Game of Life automaton is discussed in greater detail later in this paper.

CHAPTER 2: 
CA SIMULATIONS AND IMPLEMENTATIONS

EXPLANATION OF VARIOUS IMPLEMENTATIONS of CELLULAR AUTOMATA

CA can be implemented on 1D, 2D, 3D, or even multi-dimensional lattices, with any finite number of cell-states, and taking into account varying sizes of neighbourhood for the transition rules.  To run CA simulations on computer systems, some aspects of the theoretical system are altered for practical purposes.  For example, though a cellular automaton is a parallel system, with each cell operating simultaneously in discrete time-steps, in a computer simulation (due to the inherent unparallelizable nature of the processor), the cells are processed in turn, writing to a separate buffer in order to render the same results.  Also for practical purposes, though the theoretical automaton exists in an infinite lattice, a computer implementation of a cellular automaton is generally run within a finite, toroidal grid space (Fig.1.2).

TOROIDAL SPACE:  AN UNBOUNDED FINITE GRID-SPACE
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Fig.2.2a: This diagram shows a 2D lattice wrapped into a cylinder, to create an unbounded x-axis (what travels beyond the edge of the x-axis will reappear from the opposite side).  This method is used for 1D CA.
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Fig.2.2b: This diagram shows the further creation of an unbounded y-axis in the original 2D plane, by wrapping the cylinder into a torus – adjoining the top and bottom edges.  This method is employed for 2D CA.
1-DIMENSIONAL BINARY AUTOMATA

The commonly used terminology to describe 1-dimensional CA parameters is: k = states, r = neighbourhood radius, n = number of cells, t = time, Tn = transition rules (Wolfram, 1984).  Below is a graphical representation of a 1D, r = 1 neighbourhood, acting on a single cell (Fig.1.3).
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Fig.2.3:  Neighbourhood  r=1.  Black cells represent the cell being processed (t and t+1), and white cells represent the inclusive neighbouthood.  Cells that are not effective are represented as transparent.
The transition rules for a 1D binary CA of neighbourhood radius r = 1 are recorded as an 8-bit decimal number (0-255), the binary form of which represents the on/off consequences of the 8 possible combinations of the 3-cell neighbourhood (from T7 to T0).  

[image: image6.jpg]



Fig.2.4: In this fiagram, the 8 combinations for a 3-cell neighbourhood (r = 1) each have a set outcome according to the rule, shown as the single black or white squares below (in this case, making up rule 150 – the binary string 10010110).  

Figure 1.4 shows that every eventuality for the 3-cell neighbourhood has a consequential live/dead cell for the following time-step.  In this same way, a 1D CA in which r =2 (2 cells on each side of the cell in question are considered as neighbours), requires a 32-bit number (2 to the power of 5 cells) to convey its rule set (Fig.1.5).
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Fig.1.5: Neighbourhood r = 2 in 1-Dimensional CA
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[image: image11.bmp]Fig.2.6:1D binary CA, r = 1, rule-150.  Left: single live cell seed.  Right: Random seeding.
Figure 1.6 shows rule 150 of a 1D binary CA in action, on the left, seeding (initiating) with a single live cell, and growing upward with time, and on the right, with a more random seeding. (The bars beneath the CA show the seeding-row used).  These examples show the importance of seeding in the emergent patterns, especially in the case of certain transition rules.   The chaotic pseudorandom output of the random seeding of rule 150 is a stark contrast to the nested order in that of the single cell.

2-DIMENSIONAL BINARY AUTOMATA
The 2-dimensional automaton is implemented on a frame-by-frame basis, similar to a movie or animation, with each frame representing a discrete time-step.  The neighbourhood of a 2D automaton also exists in 2 dimensions:
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Fig.2.7a
: Von Neumann Neighbourhood
         Fig.2.7b: Moore’s Neighbourhood
[image: image14.png]



Fig.2.7c: Moore’s extended Neighbourhood

Figures 3.8 show the 3 most common neighbourhood distributions, von Neumann, Moore, and Extended Moore (Black=current cell in computation, White=included in neighbourhood, transparent=not recognised by current computation).  Due to the larger neighbourhood arrays, the available rule sets for these automata rise sharply beyond the 256 elementary rules of the r = 1 1D binary CA.

The Moore neighbourhood can be expressed as r = 1, using the Wolfram notation (with the neighbourhood including all cells within the Chebyshev distance of r ), but in order to express other neighbourhood configurations, (such as the von Neumann neighbourhood – excluding the diagonal cells), a separate notation is sometimes employed, with v = cell states, k = amount of neighbourhood cells (Wuensche, 1992).  Using the Wuensche notation, the available rules for an automaton can be calculated by the formula: R = v^(2^k) (where R represents the amount of rules, v, the number of cell states, and k is the amount of cells in the neighbourhood). (Burraston, 2004, Burraston, 2006, Wuensche, 1992)

3-DIMENSIONAL CA

In the same way that a 2D CA extends a r = 1 neighbourhood into either a von Neumann or Moore neighbourhood set, a 3D automaton extends this idea through the z-plane.
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Fig.2.8: This diagram shows a von Neumann neighbourhood, extended to fill 3 dimensions

3 dimensional CA are useful for mapping physical spaces, and are also used for musical applications, for example, Camus-3D (Miranda et al, circa 1993)
CA VARIATIONS

The focus of this paper is primarily on the musical application of the 256 elementary rules of 1D, r = 1, binary CA, though it is important to draw brief attention to the various other implementations of cellular automata theory, all of which are capable of musical application, and many of which have been explored by composers and musical technicians such as Peter Beyls, Andrew Martin, Dale Millen, and Eduardo Miranda.  This section will provide basic information on some examples of extending available states, and rule-types, with references to their uses in musical applications.

BEYOND BINARY

As was utilised in the von Neumann universal constructor, CA can have more than the 2, live and dead cell states, as used in a binary automaton.  Simulations of multi-state automata usually use a colour scheme to represent the states of each cell.  Multi-state CA have been used in music production, including Jaques Chareyron’s software synthesis module, LASy, which utilises a 4096 (12-bit) state automaton (Chareyron, 1988, 1990 cited in Burraston, and Edmonds, 2006).

An example of a multi-state CA can be seen in David Griffeath’s cyclic automata, known as Demon Cyclic Space (Fig.2.9), as named by A.K. Dewdney in his 1989 Scientific American article (Dewdney, 1989).  This particular CA implementation is used in Eduardo Miranda’s Camus (see Camus case study, chapter 3).
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Fig.2.9:  Demon Cyclic Space

Demon Cyclic Space (click for animated GIF)

 (GIF Image from Digital Music Online: here)

REACTION-DIFFUSION SYSTEMS:
Known as R-D systems, these multi-state automata are used to calculate the mixing of two or more components and their chemical reactions, such as the more accurate representation of the aforementioned Zhabotinsky reaction; as well as many other physical simulations.  In the musical realm, Andrew Martin has used 1 and 2 dimensional R-D systems for the production of audio and compositional information including pitch, duration, note intensity and tempo.  (Martin, 1994, 1996, cited in Burraston and Edmonds, 2006).

OTHER RULE-TYPES:

Some simulations often use a totalistic rule system; a system that simply adds the amount of live cells in the neighbourhood, regardless of their constellation, to inform the following cell-state.  The voting rule of Conway’s Game of Life is an example of a totalistic CA, and is briefly covered in the next chapter.
Another example of a specific rule-type variation can be seen in the parity rule, in which the life of a cell in the next time-step is dependant on the sum of live cells in the neighbourhood being odd or even. (Fredkin, 1992).

CONWAY’S GAME OF LIFE
Game of Life is the best known example of cellular automata, and, as previously discussed, was the spark that ignited the following depth of study.  GOL is also one of the most widely used 2D CA in the musical realm.  
THE GOL RULES 
The transition rules for the totalistic 2-Dimensional CA, Game of Life (GOL), were arrived at by trial and error, using the sum of living cells in the 8-cell neighbourhood as the defining variable for consequences of birth, survival, and death.  

· BIRTH – 3 Live neighbours

· SURVIVAL – 2 or 3 live neighbours

· DEATH – 3, 4, 5, 6, 7, 8 live neighbours

The rule for GOL is often transcribed as 23/3, conveying the amount of cells required for survival (in this case 2 or 3), and for birth (in this case 3).  In all other cases, death occurs.  For a brief insight into the findings within the patterns, and the reasons for its prolific use and study, refer to appendix B.

MUSICAL USES OF GAME OF LIFE
Game of Life is a common candidate for use in creative algorithms, and is the primary starting point for CA to pitch mappings beyond the single dimension (Burraston, 2006).  Game of Life is also the automaton used in the production of harmony in Eduardo Miranda’s Camus (CA MUSic), and in the sound synthesis software, Chaosynth, from the same author, (both case-studies of this paper) (Miranda, 2001, 2002).

