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II. PREVIOUS WORK

John von Neumann and E. F. Codd have been the chief investigators
of this area. Their books deal with the notions of computation
universality and construction universality. The former notion
applies to cellular configurations which can perform any computable
computation. The results of a computation are interpreted from the
cellular configuration. Construction is a term for configurations that
can "construct" other configurations. Since Moore's Garden-of-Eden
theorem (Moore 196l) implies the non-constructability of some con-
figurations, we will not require the ability to construct any con-
figuration. Rather, the term universal will apply if there exists
some configuration which can construct a new configuration, this new
configuration being able to compute any specified computation. Such
a universal constructor must also be able to construct a copy of itself.

Von Neumann's primary interest was in finding a computation
universal cellular space with self-reproducing configurations (von
Neumann 1966). His particular solution functioned by growing an
arm which could construct a new passive configuration. An activation
signal sent along the arm started the new configuration operating.

His set of transition rules involved a five-neighbor neighborhood
with twenty-nine states per cell. The set of transition rules was

not isotropic.

E. F. Codd (1968) reduced the required number of states to
only eight for the same task. Although his rules possessed no pre-
ferred direction, they did possess a preferred rotation. To explain,
his rules allowed the automaton to send a symmetric signal down a
straight arm with the result that when the signal reached the end of
an arm, a righv-hand corner would appear--i.e. the arm bent to the
right.

Both von Neumann and Codd worked with the following requirements:
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A cellular automaton is an iterative array of very simple
identical information processing machines called cells. Each cell
can communicate with neighboring cells. At discrete moments of
time the cells can change from one state to another as a function
of the states of the cell and its neighbors. Thus on a global basis,
the collection of cells is characterized by some type of behavior.

The goal of this investigation was to determine just how simple
the individual cells could be while the global behavior achieved
some specified criterion of complexity--usually the ability to
perform a computation or to reproduce some pattern.

The chief result described in this thesis is that an array of
identical square cells (in two dimensions), each cell of which com-
municates directly with only its four nearest edge neighbors and
each of which can exist in only two states, can perform any coampu-
tation. This computation proceeds in a straight forward way.

A configuration is a specification of the states of all the
cells in some area of the iterative array. Another result described
in this thesis is the existence of a self-reproducing configuration
in an array of four-state cells, a reduction of four states from the
previously known eight-gtate case.

The technique of information processing in cellular arrays in-
volves the synthesis of some basic components. Then the desired
behaviors are obtained by the interconnection of these components.

A chapter on components describes some sets of basic components.

Possible applications of the results of this investigation,
descriptions of some interesting phenomena (for vanishingly small
cells), and suggestions for further study are given later.

Thesis Supervisor: Edward Fredkin
Title: Professor of Electrical Engineering
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I. INTRODUCTION

Justification and Goals of this Research.

In the future I expect to see the development of a new, highly
interdisciplinary field of study in this branch of automata theory
known as cellular automata. Applications are apparent, of course,
to parallel processing computers. Codd (1968)* mentions the benefits
of mass production due to homogeneity of components, the ability to
incrementally add computation power, and self-organizing machines.
Zuse (1969) and others have discussed cellular models of physical
phenomena and of physics itself. Von Neumann was planning a neuron-
like "excitation-threshold-fatigue' model of his cellular automaton
in connection with the nervous system. These are just a few areas
of application.

The usefulness of a cellular model of something often will
depend on the simplicity and uniformity of the cells. Similarly,
our models of nature appear more useful when they consist of large
numbers of simple basic components instead of the opposite. For
example, physicists were once happy to believe the universe to be
composed of an enormous number of just three basic components: protons,
electrons and neutrons. Their search for the quark is an attempt to
return to this condition. Biological cells are another example.

The goal of this investigation was to determine how simple the
cells could be while the global behavior of the cellular array achieved
gpecified degrees of complexity as measured by various capacities for
universality. (This term is discussed later.) In particular, we

have sought universal cells with as few states and neighbors as

possible.

# References are listed by author and date.



Results.

The chief result was the discovery of a two-dimensional array
of two-state cells, each of which could communicate with its four
edge-neighbors (forming a five-cell neighborhood), which possessed

the ability to perform any computation (thus forming a universal

computer *). This result was obtained by showing that the different

parts of the array could correspond to the parts of a digital com-
puter with infinite memory capacity and also to a Turing machine.
However, the method involved an initial configuration of st.tes with
an infinite number of cells in each state.

The undesirable requirement of an infinite initial configuraiion
was eliminated in another cellular avtomaton by allowing another
state per cell. This three-state universal computer** needed only a
finite initial configuration. Increases in information storage space
were obtained by the configuration's "growing' into the surrounding

quiescent space.

Another successful approach to the finite universal computer

was by the enlargement of the neighborhood by allowing the four
corner-neighbors to also communicate with each cell. The resulting
two-state, nine-neighbor automaton functioned similarly to the above by
growing into the surrounding space.

A classical endeavor in this area is to find a configuration in
an array of simple cells which can reproduce itself by growing a
construction-arm into the area surrounding the configuration. Such
a configuration is usually also required to be a universal computer.
A four-state, five-neighbor self-reproducing universal computer was
found and described--a reduction from the previously known eight-state

case.

# In this chapter underlined terms are defined in the Glossary.

*% The use of such terms as '"three-state universal computer" should
be interpreted as "universal computer in an array of three-state cells'.

Obviously the total array can have an infinite number of states.



Definition of Some Terms.

At this point the reader can consider cellular automata to be
large, two-dimensional iterative arrays of simple, finite-state
machines, each of which communicates with its four nearest neigh-
bors. These finite-state machines are called cells. 1In the fol-

lowing illustration, small numbers represent the state of each cell.

0

] el ol =)
=] =] ] =
olo|lo|e
e} ] N o] R

DGCJE_}_

Hio|o|<
Ml f ot | i | nd

=l=11=11:18

1
0
0

A Porticn of a Cellular Array at Time T

At diserete moments of time ...,t, t+l, t+2, ... the cells are

allowed to change state according to a set of state transition rules.

A typical such rule is illustrated and explained below.

1

10233
1

A Typical Transition Rule

The above rule states that every cell in state "0" when sur-
rounded by cells in states "1", "1", "1" and "2" will assume state
"3" during the next time period. Notice that the state of a cell
at time T+l depends only on the states of the cell and of its four
neighbors at time T. A set of such transition rules defines the
cellular space. Also, if a cell ever exists in a local state con-
figuration not covered by a transition rule, then the cell does not
change state during the next time step. This convention allows us
to not list the non-tramsition rules.

Since the cellular spaces discussed in this thesis are isotropic,

the following four tranmsition rules imply each other. MNotice that

1 2 1 1
102—3 101—>3 2 01—3 101—>3
1 1 1 2

Equivalent Transition Rules
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the left hand side of each rule is merely a rotated image of the

others implying a rotation-symmetry, one degree of isotropy.



20
other, and since signals can be combined by a universal logic function
such as the NOR (meaning neither input present), it is clear that all
the components necessary to construct any general purpose computer
are present within configurations of states in the array. A simple way
to show this universality is to show that a one-dimensional array of
n-state machines can be configured for any finite value of n. When
n is suitably large, a linear array can simulate the Turing machine.
This is possible, for example, if each of the simulated n-state machines
represents a square of the Turing machine's tape, but also containing
the finite-state machine part of the Turing machine.

Alternately, the finite eight-state cells of Codd or the twenty-
nine-state cells of von Neumann could be simulated. Then an array of
simulated Codd cells could perform as described by him.

Several other infinitely configured three-state universal cellular
spaces were discovered. Common elements include a universal logic
element, a wire, a dead-end and a crossover. Some had fewer transition
rules. Different diode and crossover configurations, of couwse, ha: o
be obtained since the properties of the junction were not identical to

the case described here.



