Cellular Automata

1. Cellular Automata
2. Tips for coursework write-up



John von Neumann 1903- 57

“Eccentric” genius, pioneer of much.

* You can easily imagine machines that can
self-replicate in a “trivial” way,
eg template matching, crystal-like growth.

e Biological organisms can increase in complexity
through evolution, yet can still self-replicate

e Could we formalise a “universal constructor” that can
self-replicate yet increase arbitrarily in complexity?



Common Salt
Potassium Sodium Tartrate

grown from seed crystal on a

string, dangled in bucket of saturated solution

315kg crystal of potassium dihydrogen
phosphate, grown by similar method,
Lawrence Livermore National Labs,
California




The Formalism: A cellular automaton (CA)
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CAs In General (exceptions sometimes made)

Are an array of cells: 1D, 2D, 3D or even more

Each cell contains an identical Finite State
Machine (FSM) but has its own state

— state could just be ON/OFF, 1/0, but could be more

The inputs to a cell are the states of its spatial
neighbours

— we can define the neighbourhood however we like

Cells update synchronously (on the ticking of a
global clock)



To Run the CA

 We need to have decided what to do at the edges:

usually toroidal (aka periodic) boundary conditions —
edges are considered to wrap round

&

 We need to set the initial state of each cell (they don’t
have to be all the same: the Initial state of the CA is often

used to control what it will do, a bit like how software
programs hardware)



John Conway’s “Game of Life”

Set of simple rules for a 2D CA.
Most Initial states do something interesting

Largely for fun: Popularised in Scientific
American

Led to the crucial insight that complex behaviour
can arise from simple CAs: now we can use
simple CAs as a tool to investigate complexity.



“Game of Life”

 Each cell has only two states: 1/0
(black/white, ON/OFF, Alive/Dead)

* Neighbourhood is the 8 adjacent cells
* Rules:

— A dead cell with exactly three live ° e
neighbours becomes a live cell (birth). **®
— A live cell with two or three live o
: : : 00 L 44 &4
neighbours stays alive (survival). * ot
— In all other cases, a cell dies or remains
dead (overcrowding or loneliness). u 4



Play With it




A Turing Machine in the Game of Life!
(Paul Rendell, 2000)
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von Neumann’s “Universal Constructor”

self-reproducing machine
with open-ended complexity

2D CA, 29 states, fairly
complex rules

The self-reproducing entity is
In the initial pattern of states

The self-rep structure needs
~200,000 cells!

He did all this on paper

It works, with some issues,
but hasn’t been hugely built
on for research or
engineering... It's so very
complicated!




Self-replication and genes/DNA

von Neumann was working in the 1940’s,
yet the machine has a clear analogue of
DNA which iIs both:

1. Interpreted to determine pattern of ‘body’

2. Copied without interpretation as a
symbol string



(Chris) “Langton’s Loop”

Much Simpler that von
Neumann’s

Constrained in how It could

evolve to greater complexity...

but then natural organisms
aren’t “universal’: constraints
need to be explored

Explore “Life as it could be”
including simple conditions that are
- hecessary
- but not sufficient
for life




Autopoiesis (lit. self-creation)

A subtle concept introduced by Humberto Maturana and
Francisco Varela in 1973 as a way or refining ideas of
“life”:

“An autopoietic machine is a machine organized (defined
as a unity) as a network of processes of production
(transformation and destruction) of components which:

() through their interactions and transformations
continuously regenerate and realize the network of
processes (relations) that produced them; and

(1) constitute it (the machine) as a concrete unity in space
In which they (the components) exist by specifying the
topological domain of its realization as such a
network." (Maturana, Varela, 1980, p. 78)



Wolfram’s CA Classes

* Following from the simplicity of the Game of Life,
Stephen Wolfram studied every possible rule for
a two-state 1D CA with neighbourhood of two:

A
I ‘N B
 The binary state-transition function has 3 inputs,
SO it has 23=8 rows, and there are 28=256

possible functions. We can remove some due to
symmetry.




Space-time picture




Wolfram’s Classes

Starting from random Initial states, “almost all”
result after a finite time in:

1. a uniform static state across the array:
*homogeneous”

2. Stable structures or a periodically repeating
sequence of states of short cycle-length:
“regular”

3. “Chaos”: aperiodic sequence of states,
statistically similar irrespective of the initial
state

4. “Complex”: localised structures, sometimes
long-lived; permanent stable or periodic
structures co-existing with propagating
structures



Some Class 3 CAs



A class 4 CA run from different initial states



Life at the edge of chaos

Wolfram'’s classes have come under attack,
but give the powerful idea:

e “complex” systems, such as life, exist at
the boundary between

Stability, Chaos,

Order, Disorder,

Stasis, Uncontrollability,
Predictability, Unpredictability, (Class 3)
Boringness: Classes 1&2 Destruction of information




Creativity at the edge of chaos?

 Amusing CA examples:

— Wolfram Tones: http://tones.wolfram.com
e mainly just a fun advert for Mathematica?

— Paul Brown’s art: hitp://www.paul-brown.com/
« A pioneer of computer art
« Serious, thoughtful work: read what he has to say

* Visiting professor here — you might be able to talk
to him if you're interested!




@D

Wolfram Tones

1-D CA
Plus:

e predefined rhythm
& bass

e auto mapping to
different
instruments

 fancier mappings
from cells to notes

http://tones.wolfram.com/generate/




.\Resources\WolframTones\wolfram.rockpop.31.4180148550.mid

.\Resources\WolframTones\wolfram.hiphop.31.3896708186..mid

.\Resources\WolframTones\wolfram.quitar.31.2704443652..mid




Paul Brown’s CA work

Simple 2D CA, eg.
GameOfLlife

Typically, 2
successive values of
1-bit cell states taken
to give a 2-bit
number for each cell

Gives four rotations
of a predefined tile

Paul Brown, English Summer ,

kinetic works Giclée Print, 50 x 50 cm, 2000




Some CA applications in Engineering

Image processing: the image is mapped onto a 2-D CA
array so that part of the state of a cell is a pixel value

Computational Fluid Dynamics (CFD) for non-laminar
flow; “silicon wind-tunnel”

Proposals for new computer architectures that will work
In technologies where long-range wires are difficult (eg.
nanotech)

Ecological modelling; epidemiology

You can even try using EAs to come up with a set of
rules to make a CA process its initial state to do some
job for you... but it's tricky.



Coursework

Report (max 2000), plus program listing by
Thurs (Week 10) 4pm.

Is straightforward extension of seminar
work

Use week 8 seminar to get extra help?
Ask Simon or Adrian if you're struggling
Specification i1s on the NSAI web page.




Coursework write-up

 The program code should be clear (well-
structured, meaningful variable names,
etc) and commented, so the report should
not be just a description of it.

— though you can explain aspects of the design
that you think are noteworthy.

 Even if the code doesn’t work as hoped,
you can still gain marks from the report.



Demonstrate understanding

 We don’t expect anything blindingly original, but
are looking to see If you understand the
essentials:
— Of ANNs and what they can be used for
— Of learning algorithms such as Backprop
— Of Evolutionary Algorithms

— Of how to apply these things to the problem we set;
designing the experiment sensibly, doing a
reasonable amount of experimentation, testing,
debugging, exploration of parameter settings, etc.

Of course, all of these things will be set in the
context of the particular work you did.



Did you think beyond the problem?

Use your own words: if you give a straight
repetition of lecture notes we might think you
don’t understand It.

Was the problem we set a sensible one for a
machine-learning system?
— We had to choose something very simple.

— Can you get a feeling for how the apparent “difficulty”
might scale?

Was Backpropagation a sensible technigue to
use? Was an EA?

Would you expect other applications of these
techniques to be similar or different to what you
experienced?



Did you think beyond your results?

Are you happy with your results? Why?

If it didn’t work properly, what do you think went
wrong, and what would you do if you had more
time?

Were you lucky/unlucky?

If you repeated your experiments would you
expect identical results? Similar? Why?

How sensitive do you think your results might be
to the exact algorithms and parameter settings
you used?

Obviously you have to allocate your time prudently, and
we recognise that!



Play Safe!

o Keep backups

* Print everything out at least one day
before deadline, preferably two
— Hopefully you can still refine it and print at the

last minute If need be, but you need to be
safe If the computer or printer breaks!

— Printers, disks, etc, know when your deadline
Is and will time their failure accordingly



